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PURPOSE AND SCOPE. The purpose of this investigation was to de-
termine the character of the low-angle skewness of the illite clay 
mineral's first order basal diffraction peak. This skewness is 
generally present in varying amounts on diffraction diagrams of ori-
ented aggregates made from illitic sediments, sedimentary rocks, 
and soils. The general interpretation given to this skewness is 
that it represents mixed-layering in some form or other. The term 
mixed-layering itself, as it is usually defined, means an mterlay-
ering of two or more types of clay minerals, such as montmorillonite 
with chlorite or with illite, on the unit-cell dimensional level. 
The definition of mixed-layering advocated in the present study, 
however, extends usage of the term to mterlayenng of one or more 
clay mineral types on the unit level. Thus, interlayering of dehy-
drated montmorillonite on this level, or of illite with degraded 
illite, would be included in the broader definitions of mixed-layer-
ing used herein. This latter type of intimate layer-mixing will be 
referred to as familial* mixed-layering in this dissertation. The 
term is intended to imply an intermixture of a specific clay mineral 
with units of the same mineral modified (mode and degree of modifi-
cation not specified) so as to result in a c-axis periodicity dif-
ferent from that of the original clay mineral. The familial type of 
mixed-layering may be represented by partially-hydrated or -glycol-
ated montmorillonite, partially-hydrated halloysite, etc., or as in 
the case in point, partially-degraded illite - it should be noted 
^Webster's New Collegiate Dictionary - Of, pertaining to, or char-
acteristic of a family. 
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that the value of the mixing function is not specified in the defi-
nition. 
A secondary objective in this study was to determine 
whether the amount and character of the low-angle skewed portion of 
the illite (001) diffraction peak is related to the cation-exchange 
capacity of the clay and how the skewness influences the phases 
formed in the clays upon ignition to high temperatures. 
The types of materials represented by the samples selected 
for study are a marine shale, a glacio-lacustrine silt, two weath-
ered shales, and a typical underclay. Selection was made on the 
basis of illite content and amount of skewness of the illite (001) 
peak. 
An attempt was made to classify the illitic clays analyzed 
herein on the basis of the amount and character of the mixed-layer-
ing (or degradation) of the illite as revealed by acid treatment, 
cation saturation, Fourier transforms, and area integration analyses. 
When similar data are recorded for illites generally, it may be pos-
sible to distinguish the effects of various environmental conditions 
affecting unknown clay materials and estimate their probable origin. 
The high temperature dynamo-thermal diffraction method em-
ployed in the course of this research is shown to be helpful in dis-
tinguishing between illite, montmorillonite, kaolinite, etc., after 
suitable cation exchange reactions have been performed, on the basis 
of the resultant high-temperature phases. This technique also indi-
cates which metallic cations may prove to be beneficial additives to 
illitic ceramic raw materials for the development of certain phases 
in the fired product. 
PREVIOUS WORK. Because illite clay minerals have been recognized in 
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clay materials from a wide variety of locations and environments, it 
would obviously be impossible to relate here all the many references 
to illite in the literature. Instead, mention will be made only of 
works relative to the problems of definition, structure, properties, 
and mixed-layering of illites. 
Prior to 1937s there had been many references in geologic 
literature to a mineral occurring in the silt and clay fractions of 
sedimentary rocks, soils, and possibly hydrothermal alteration de-
posits, which seemed to resemble the micas in many respects. Paul-
ing (1930) indicated the general structural scheme of the micas, and 
Jackson and West (1930, 1933) performed detailed structural analyses 
on these minerals in the early days of X-ray mineralogy; soon after-
ward workers began reporting minerals that were micaceous in charac-
ter in the colloid size fraction of the various deposits mentioned 
above. These minerals were called by various names, "sericite," 
"sericite-like," "mica-like," "glimmerton," "hydromica," and many 
others. In 1937 Grim, Bray and Bradley proposed a new name, "illite," 
for the mica group of minerals occurring in argillaceous sediments. 
This term has come to be generally accepted by contemporary geolo-
gists, but not without considerable argument over its validity and 
the precedent of previous names. Much of this discussion has re-
sulted from neglect of the fact that this term as originally pro-
posed was intended as a general group or family designation for the 
micaceous clay minerals and not as a specific mineral name. 
Following Grim, Bray and Bradley's definitive work, the 
illites began to take their place with the other two great clay min-
eral groups, the montmorillonites and kaolinites. As time went on, 
it became apparent that the illites were often authigenic in sediments 
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but that they could also be allogenic, probably being transported in 
a "stripped" or "degraded" state, where the exchangeable cations, 
the interlayer binding K+ ions, and possibly some of the intralat-
tice metallic cations are missing, having been removed during weath-
ering or transport. 
Judging from the reported occurrence and identifications 
of this mineral in the literature, it is probably safe to say that 
the illites are the most abundant group of clay minerals occurring 
in the geologic column; they are found in sediments and sedimentary 
rocks of all ages. In spite of this abundance, less is known about 
the illites than about either of the other two major clay mineral 
groups. This anomaly is due to the difficulty associated with any 
analysis of illite, namely, that of obtaining the pure mineral. It 
is almost always interlayered or mechanically mixed with other clay 
minerals, and is exceedingly difficult to purify from these states. 
The triost common types of illite mixed-layering reported seems to be 
with chlorite and with montmorillonite. Bradley (1945) and Weaver 
(1956) have published detailed analyses of such mixed-layered se-
quences. 
Barshad (1950) has investigated the effects of different 
interlayer (exchangeable) cations on the c-axis dimensions of vari-
ous mica-type layers. The variation in the physical properties of 
an illite saturated with several different exchangeable cations has 
recently been studied by Eschenburg, Stone and Weiss (1956). 
Cation-exchange capacity values for illite have been ob-
tained by many workers. Grim (1953) reports that illites in general 
have cation-exchange capacities in the range 10-40 milliequivalents 
per 100 grams* 
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The high-temperature phases of the illites have not been 
extensively studied. Grim and Bradley (1940), however, have deter-
nined the phases appearing up to 1400° C., using quenched-powder 
X-ray diffraction and optical methods. This appears to be the only 
detailed published work of its kind. 
Two other publications deserve mention as general refer-
ences on all phases of investigation of illites. Grim, Bradley and 
Brown (1951) have included a very informative chapter on the mica 
clay minerals in the Mineralogical Society of London Monograph on 
clay minerals edited by G. W. Brindley. Grim (1953) has also writ-
ten a reference book on clay mineralogy which contains all pertinent 
information on the illites available up to that time. Many other 
references concerning illite will be alluded to in the body of this 
investigation within the section to which they pertain. 
STRUCTURE OF ILLITE. Although the detailed structures of the vari-
ous members of the illite group are imperfectly known, the general 
structural scheme is similar to that of the micas. The illites in-
vestigated in this study are all dioctahedral in structure; that is, 
they have only two-thirds of their possible octahedral positions 
filled with metallic cations, such as Al+3. Trioctahedral illites 
have been reported (Walker, 1950), but these seem to be restricted 
to certain soil horizons - soil clays are not represented by the 
materials studied herein. 
Because illites resemble dioctahedral micas, the structure 
of muscovite (Figure 1) may be taken as a close approximation to the 
illite structure with some important differences. There is less sub-
stitution of Al •* for Si+^ in the tetrahedral sheet; in the well 
crystallized micas, one-fourth of the silicons are replaced by aluminum. 
( 3 Oxygens, © Hydroxy Is, 0 Aluminum, \J) Potassium 
O and O Si/icons (one fourth replaced by aluminums) 
Fig. I. The Structure of Muscovite (after Hendricks). 
In the illites, only about one-sixth are replaced, resulting in a 
lower net unbalanced charge deficiency from the value of two per unit 
cell in the micas to about 1.3 per unit cell in the illites. This 
charge deficiency is balanced by 2 and 1.3 potassium ions respect-
ively between the unit layers. Other differences are; replacement 
of some of the interlayer potassium ions by Ca+^, Mg+2, H+, etc.; 
some randomness in the stacking of the layers in the c direction; oc-
casional interlayer hydration, and the small size of the illite par= 
tides, of the order of one to two microns or less. 
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Polymorphism among the illites has recently been investi-
gated by Levinson (1955). He showed that illites may be crystal-
lized as one-layer monoclinic (1 M), two-layer monoclinic (2 M), or 
three-layer trigonal (3 T) polymorphs, but that only the 2 M and 
1 Md (d - disordered) polymorphs are commonly found in illitic clays 
of sedimentary origin, such as were studied in this thesis. 
Yoder and Eugster (1955) have studied synthetic muscovites 
and natural illites and concluded that almost all of the reported 
illites can be expressed as combinations of one of the polymorphic 
forms of mica plus another - usually interlayered - clay mineral, 
commonly other mica polymorphs and/or a montmorillonite. 
Some mention should be made of glauconite, one of the bet-
ter known members of the illite group. It is dioctahedral with con-
siderable replacement of octahedral Al+^ by Fe+3, ferrous iron Fe , 
and Mg+2. Frequently, even less than two-thirds of the octahedral 
positions are filled (Grim, 1953) - in this sub-dioctahedral state, 
there is a charge deficiency in both the octahedral and tetrahedral 
sheets. Often Ca and Na , as well as K , are the interlayer 
balancing cations. The unit cell of glauconite is composed of a 
single silicate layer (1 M). 
The basic structural unit of the micas is a sandwich com-
posed of two silica tetrahedral sheets with a central octahedral 
sheet. The tips of the tetrahedrons in each silica sheet point to-
ward the center of the sandwich and are combined with the octahedral 
sheet in single planar layers with suitable replacement of OH by 0. 
This structural unit is also basic for the other three-sheet (2;1) 
minerals, such as montmorillonite and chlorite, and can be modified 
to a two-sheet structure, such as kaolinite (lsl), by removal of one 
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of the tetrahedral sheets. The concept of clay minerals composed 
of the basic mica layer being changed into any one of the other 
clay minerals by alteration of the interlayer cations and/or intra-
lattice substitutions is undoubtedly oversimplified. It serves to 
point out, however, how easily interlayering of one clay type with 
another (mixed-layering) may develop in response to environment. 
LOCATION AND DESCRIPTION OF SAMPLES. Five samples of clay material 
were selected because of their content of reasonably pure illite 
clay mineral and differing environments of origin. Upon X-ray anal-
ysis of oriented aggregates of the samples, it became evident that 
the amount of low-angle skewness of the illite (001) peak varied 
among the five clays, probably in response to their environments. 
Two of the clays, Fithian and Grundite, have been fairly 
extensively studied by other workers and are included in "Reference 
Clay Minerals" (Kerr, 1951). The Purington and Minford clay mater-
ials have had some work done on them by investigators at the Illi-
nois State Geological Survey (Grim, 1941; White, 1949; Grim and 
Bradley, 1948), The remaining clay, from Jackson County, Illinois, 
is the only sample not previously referred to in the literature. 
The Minford sample is geologically the youngest of the 
five clays, having originated in the Pleistocene - the other four 
samples are Pennsylvanian in age. It is a glacio-lacustrine silt 
and occurs in Jackson county, Ohio, near the hamlet of Minford. 
Although designated as a silt, its clay-sized fraction (less=than=2 
microns) is relatively large. The raw material contains glacial 
pebbles and bits of woody material and is buff-brown in colore 
The Purington sample is a marine shale located in the up-
per part of the Liverpool cyclothem of the Carbondale group, middle 
Pennsylvanian series, in Greene County, Illinois. The sample was 
I 
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taken from the upper part of this shale formation as it occurs in 
the White Hall Sewerpipe and Stoneware Company clay pit, White 
Hall, Illinois. It is superjacent to the Oak Grove limestone and 
is overlain unconformably by the Pleasantview sandstone of the 
succeeding cyclothem. Pertinent analytical data on this brownish-
green shale is given by Grim (1941). 
The Fithian material represents a typical underclay. It 
occurs beneath coal No. 7 in the Macoupin cyclothem of middle Mc-
Leansboro (Pennsylvanian) age near the town of Fithian in Vermilion 
County, Illinois. The color of the freah material is light steel-
gray. This clay was one of the five illitic materials used by Grim, 
Bray, and Bradley (1937) in their definitive work on illite. As 
previously noted, data on this clay are recorded in "Reference Clay 
Minerals" (1951), and are also found in Grim (1953), Brindley 
(1951)» and others too numerous to mention, 
Grundite is the trade name for a modified shale (?) found 
in the Illinois Clay Products Company pit near Morris in Grundy 
County, Illinois. It is lower Pottsville in age, according to Grim 
and Bradley (1939), and appears bluish-green to brownish-gray in 
situ. The green clay contains a higher percentage of illite than 
does the gray. The Grundite occurs above three minor coal seams 
(stringers of No, 2 coal) which are separated by two brownish-
black, hard, fractured underclays. The lowest coal stringer is 
underlain by a dark, carbonaceous, occasionally flinty underclay, 
which rests, in turn, unconformably on Pre-Pennsylvanian (Ordovician) 
beds. Overlying the Grundite are up to six feet of various Pleisto-
cene and Recent sediments, mostly marl and peat beds. Data on this 
clay are included in "Reference Clay Minerals" (Kerr, 1951)o 
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The fifth sample selected for analysis is a modified 
shale (?) occurring in a box-cut of the Burning Star Mine (Truax-
Traer Coal Company) about 2 miles east of Vergennes in Jackson 
County, Illinois. The Jackson clay is found a short distance above 
the No. 5 (Harrisburg) coal, and only within a short distance of the 
coal's outcrop - elsewhere back from the outcrop the clay's equi-
valent horizon seems to be a silty green shale. The No. 6 (Herrin) 
coal smut overlies the clay in places and elsewhere it is directly 
in contact with about 15 feet of silty Pleistocene till. The upper 
7-foot section of this till is brown and weathered; the lower 8 
feet are gray, blocky, and calcareous. The clay sampled appears 
green, soft, slickensided and silty at the top, grading down into 
well-bedded, bluish-green shale at the bottom. The clay section is 
non-calcareous. The sample studied was taken from a slump block 
showing a very sharp contact between the gray, pebbly calcareous 
till above and the green, silty, non-calcareous clay below. 
The Jackson County clay bears a striking resemblance to 
Grundite superficially. The fresh colors are almost identical, but 
Grundite dries to a dark gray, whereas the Jackson clay turns yellow-
brown upon dessication. The geologic occurrences seem to be quite 
similar, the significant features being their locations at or near 
outcrop only, and usually directly beneath glacial material. Both 
may have been modified by weathering either from shales or under-
clays. Unfortunately, no previous analytical data on the Jackson 
clay is obtainable from the literature for comparison with "Grundite.w 
The author has, however, run some preliminary bonding strength tests 
on the raw Jackson clay, and the results are similar to those ob-
tained by Grim and Bradley (1939) on Grundite. 
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PREPARATION OF SAMPLES 
SIZE SEPARATION. The clay materials selected for study in this in-
vestigation contain not only illite, which is the main component in 
all the samples studied, but also minor amounts of kaolinite, chlo-
rite and montmorillonite clay minerals, and quartz. In order to 
purify the samples with respect to the illite component, size sepa-
rations into less-than-2 microns, less-than-2 microns-greater-than-
,5 microns, and less-than-.5 microns fractions were made by allowing 
the dispersed raw clay material to settle in distilled water and de-
canting a measured amount after certain intervals of time (deter-
mined by Stoke's Law). The material must be in a completely defloc-
culated, dispersed state before size separations obeying Stoke's Law 
can be accomplished. All of the raw samples initially exhibited a 
flocculant character, the shale and silt to a lesser degree than the 
modified shales and underclay. To eliminate flocculation, a major 
portion of the soluble salts must be washed out; this was done by 
placing about 150 grams of each clay material in a 1000 ml. beaker, 
and drawing off the water with its content of dissolved salts by the 
use of porcelain filter candles (extra fine) connected to a vacuum 
pump system. The Minford, Purington and Jackson materials (silt and 
shales) required only about four days of intermittant washing, 
whereas the Grundite took two, and the Fithian, three, weeks of wash-
ing to attain the deflocculated condition. When this state was 
achieved with all the clays, they were thoroughly stirred with a 
mechanical mixer and allowed to settle 8 l/2 hours. At the end of 
this time interval, the upper 10 cm. containing only less-than-2 
micron material was decanted off into evaporating dishes, dried at 
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60° C , removed from the dishes , and s tored . This procedure was 
repeated several t imes u n t i l most of the l e s s - than-2 micron f r ac -
t ion had been separated out from the raw clay ma te r i a l . 
To obta in a s ize breakdown into the l e s s - t han -2 micron-
grea ter - than- . 5 micron and the l e s s - t h a n - . 5 micron f r ac t i ons , about 
30 gms. of each c lay ( less - than-2 microns s ize) was divided equally 
among three 1000 ml. g lass beakers and 500 ml. of d i s t i l l e d water 
added per beaker. The contents of these beakers were then poured 
separately into s t e e l mixing cans equipped with v e r t i c a l rods and 
agi ta ted for 3 hours each to assure complete dispersion and aggre-
gate breakdown. At the end of the mixing per iod, the suspensions 
were poured back i n t o the glass beakers and allowed to s e t t l e for 
68 hours. The ma te r i a l s t i l l in suspension within 5 cm. of the su r -
face was decanted, i t being s u b s t a n t i a l l y composed of l e s s - t h a n - . 5 
micron suspended p a r t i c l e s . This ma te r i a l was dr ied as before and 
the whole process repeated for a t o t a l of 15 t imes . After 10 de-
canta t ions , the suspension above 5 cm. from the surface was so thin 
tha t i t was discarded instead of being dried and added t o the r e s t 
of the l ess - than-one-ha l f micron clay powder. By the 15th decanta-
t ion , the upper 5 cm. of each beaker was s u b s t a n t i a l l y c lear of 
v i s ib l e suspended mate r i a l , so i t was assumed tha t a complete sepa-
ra t ion had been ef fec ted , and t h a t only l ess - than-2 - g rea te r - than-
,5 micron mater ia l remained in t h e beakers . This was then dr ied as 
before and saved. 
ORIENTATION FOR X-RAY ANALYSIS. Exactly 1 gram in the th ree s ize 
f rac t ions of each clay was weighed out on an a n a l y t i c a l balance, 
mixed with 100 ml. of d i s t i l l e d water , and b o t t l e d . Two oriented 
s l ides were made from each bo t t l e of clay by withdrawing 2 ml. of 
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the suspension in a p ipe t t e and careful ly deposi t ing i t on the sur-
face of a g la s s microscope s l i d e . These s l ides then were covered 
with watch g lasses and allowed to a i r dry. This procedure r e s u l t s 
in a preferred o r i en t a t i on of the clay p a r t i c l e s with t h e i r basal 
planes p a r a l l e l to the s l i d e surface. Grim (1934) was the f i r s t 
clay research worker to make use of th i s tendency for the clay min-
e r a l s to s e t t l e from suspensions with a decided hor izonta l o r i e n t a -
t ion to t h e i r basal sur faces . I r r ad i a t i on of these s l i d e s su i tab ly 
mounted on an X-ray diffractometer produces a record of r e f l e c t i o n s 
from only the 00i planes of the clay minerals , to the exclusion of 
a l l other r e f l e c t i o n s , i f t h i s preferred o r i en ta t ion i s pe r fec t . 
These 00J? peaks are the ones most commonly used for rapid i d e n t i f i -
ca t ion , semi-quant i ta t ive es t imat ion, and mixed-layering s tud ies of 
clay minerals by X-ray d i f f r ac t i on . 
The " s lu r ry s l i d e " method of or ien ta t ion described above 
gives a smoother plane surface than Grim's o r ig ina l method and l i t -
t l e chance for s ize gradat ion of the clay p l a t e l e t s normal t o the 
s l ide surface, because of the shor t drying period and small amount 
of suspension used. 
GLYCOLATIQN OF SLIDES. Two s l i d e s were made of every clay sample 
refer red t o in t h i s inves t iga t ion , with the exception of the ac id -
t r e a t e d samples, of which only one s l ide was prepared for each sam-
p l e . The second s l i d e of each p a i r was se lected for g lycola t ion 
a f t e r both were recorded on the X-ray diffractometer in t h e i r un-
t r ea t ed s t a t e . The procedure consis ted of placing the s l i d e s i n a 
dess ica tor containing ethlyene glycol for 48 hours, at the end of 
which time X-ray diffractometer records were made of them within 
the range 2-48 degrees 29. Signif icant evaporation of glycol did 
14 
not seem to have taken place in the 23 minutes per sample needed to 
complete t h i s d i f f r ac t ion a n a l y s i s . 
HEAT TREATMENT. One of the two or iented g lass s l ides made from each 
fract ionated sample was heated t o 4650 C. and a i r quenched in ac-
cordance with t h e procedure out l ined by Johns, Grim and Bradley 
(1954). This hea t ing was done to f a c i l i t a t e d i s t ingu ish ing between 
ch lo r i t e and k a o l i n i t e in the c l ays . The 7-angstrom and 3.5-ang-
strom d i f f r ac t ion peaks of k a o l i n i t e should not show diminution a t 
t h i s temperature, whereas any sedimentary ch lo r i t e s present should 
have t h e i r 7-angstrom and 3.5-angstrom peaks diminished in intensity 
or eliminated e n t i r e l y . 
An add i t i ona l effect of heating to t h i s temperature i s 
the complete expulsion of l i qu id i n t e r l a y e r water from the expand-
able or degraded mater ia l and i t s subsequent collapse to about 10 
angstroms. The t r u e i l l i t e and k a o l i n i t e l a t t i c e s are not affected 
by t h i s t rea tment . 
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X-RAY ANALYSIS OF RAW SAMPLES 
X-RAY ANALYSIS OF POWDERED SAMPLES. Illites can be either di- or 
tri-octahedral with respect to the population of the octahedral 
layer. An examination of the powder X-ray diagram to determine the 
position of the 060 peak is essential in order to make this distinc-
tion. According to Brown (Grim, Bradley and Brown, 1951)? the in-
tensity ratios of the basal orders (00£) give one an idea of the 
composition of the octahedral layer. In a dioctahedral mica (il-
lite), if 002 is relatively weak with respect to 001 and 003, the 
octahedral ions are mainly ferriferous. The 003/005 ratio also re-
flects the octahedral composition, a ratio near unity indicating an 
aluminous mica, one above 2.0 resulting from a ferriferous mica. 
Well-crystallized micas are known to have several polymor-
phic forms, and it seems reasonable to assume that this same tend-
ency toward layer polymorphism should extend to the clay micas as 
well. Levinson (1955)$ Yoder and Eugster (1955), and Smith and 
Yoder (1956) have investigated the polymorphic forms of micas, both 
natural and synthetic, and found several forms in which natural clay-
micas (illites) crystallized. The present author attempted a com-
parison of powder-diffraction diagrams of his five samples of il-
lite with the diagrams of polymorphic forms published by Yoder and 
Eugster (1955, pages 245, 246). Because the five illite samples 
were slightly contaminated with other clay minerals, this comparison 
was sometimes difficult to make accurately. Table 1 below lists the 
information obtained from powder diffraction analyses of the five 
samples. Reference graphs and diagrams are found in Brown (1951, 
pages 159-162), Figure 2, and Yoder and Eugster (1955, pages 244-
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246) . I t should be noted t h a t be fore X-ray powder diagram i n t e n s i -
t i e s can be compared d i r e c t l y wi th Brown's graphs ( c a l c u l a t e d with 
t h e s i n g l e c r y s t a l formula) to determine t h e p robab le o c t a h e d r a l 
l a y e r composi t ion , t h e s e observed i n t e n s i t i e s must be m u l t i p l i e d by 
the f a c t o r , 
. 0 powder B 1 
0 s i n g l e x t a l s in 0 ' 
(Brown, 1951) t o convert them to t h e corresponding s i n g l e c r y s t a l 
v a l u e s . Brown's graphs were c a l c u l a t e d on the b a s i s of mica s i n g l e 
c r y s t a l i n t e n s i t i e s , however, and t h e i r d i r e c t c o r r e l a t i o n wi th 
c l a y - s i z e d i l l i t e i n t e n s i t i e s a re doubt fu l a t b e s t , because of t h e 
i n f luence of p a r t i c l e s i z e and l a c k of o r i e n t a t i o n and c r y s t a l l i n i t y 
on t h e d i f f r a c t e d i n t e n s i t i e s , 
TABLE 1 . POWDER X-RAY DATA 
P r o p e r t i e s 
Minford 
< . 5 / < 
Pur ington F i t h i a n 
< • 5/* < « 5/4 
Grundi te 
< o 5 / i 
Jackson 
<»5/< 
Octahedra l Dioc tahe - Dioc tahe- Dioc tahe- D ioc t ahe - Dioc tahe-
Layer Type d r a l d r a l d r a l d r a l d r a l 
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Yoder and Eugster (1955) examined three samples of the 
Fithian material and found that two of them were 1 Md + 2 M mica 
polymorphs, while the third was composed entirely of 2 M material. 
A sample of Grundite examined by these authors was found to be com-
posed of 1 Md t 2 M micas. 
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The powder diffraction diagrams obtained from the five 
samples were of extremely poor quality when compared with those 
given by Yoder and Eugster (1955). Their curves were represent-
ative of both natural and synthetic polymorphs of pure muscovite 
material, whereas all the samples examined herein were mixtures of 
mica with one or more other clay minerals in the natural state. 
The general effect of the presence of other clay minerals and the 
poor crystallinity inherent in this size range of natural micas is 
to reduce intensities and definition of all reflections. 
300 
2A£3+ I ^AH^ lFe 3 * IA£3;/Fe iA£3,+ | iFe3+. 2Fe° 
Fig. 2. Variation of Mica (00 ) Diffraction Intensi-
ties with Composition of the Octahedral Layer; after 
Grim, Bradley and Brown (1951), 
The basal reflections of natural mica minerals may be en-
hanced over the hkl series because of the oriented nature of the 
crystal growth in sediments, whereas synthetic mica minerals tend 
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toward a random growth orientation, as reported by Yoder and Eug-
ster (1955, page 245)° In order to reduce preferred orientation to 
a minimum, reruns of the five powdered samples were made using 
glass slide mounts prepared by dusting the powder onto a thin film 
of acetone on the slide surface. The diffraction results of this 
type of mounting agreed well with those obtained from the aluminum-
cell powder mounts run previously. Assuming that almost all of the 
preferred orientation was now eliminated, the weak nature of the 
hkl reflections may be considered as due to the large amount of dis-
order in the mica mineral crystallizations. For this reason, a 1 
Md polymorph is considered to be present in all the clays studied, 
in addition to the ordered polymorphs tentatively identified. The 
sharpness, intensity and distinctness of hkl reflections in the 
4 A-2.8 A diagnostic range on the Jackson powder diffraction dia-
gram indicates that this clay contains a lesser amount of 1 Md poly-
morph than do the other clays (i.e., its illite is more ordered). 
The Fithian clay contains a different type of polymorph than the 
other four clays and probably has the largest proportion of disor-
dered (1 Md) component. The assignment of polymorphic forms was 
made on the basis of a table comparing significant polymorphic spac-
ings contained in a recent paper by Kelley and Kerr (1957, table 3, 
page 1107), This table is merely a compilation of data from Yoder 
and Eugster's (1955) several published curves of mica polymorphs of 
the diagnostically critical region (4 A-2.8 A) of diffraction, 
X-RAY ANALYSIS OF UNTREATED SLIDES. 
Experimental. The samples previously oriented on glass 
slides were submitted to X-radiation in order to accomplish diffrac-
tion analyses. The machine used for this purpose was a General 
Electric model XRD-3 Geiger-counter Diffractometer employing a 
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Cu-target tube . I t was operated a t 50 KV and 15 ma. with a 1° X-ray 
tube collimator (So l le r s l i t system) and a 0.2° Geiger-tube c o l l i -
mator. The r ad i a t i on was f i l t e r e d with Ni - fo i l . Scale and time 
factors of 3-A were used throughout., The goniometer was se t t o r o -
t a t e counterclockwise and continuously record d i f f rac ted r ad i a t i on 
from 2° 26 to 48° 26. 
Mixed-Layer Analysis . All of the samples examined con-
tained mixed-layering of the i l l i t e (mica) with e i t h e r one or more 
of the other clay minerals present in the sample, genera l ly e i t h e r 
ch lo r i t e or montmorillonite or both, or with degraded i l l i t e u n i t s 
( famil ia l mixed- layer ing) . This i n t e r l aye r ing on the un i t l e v e l of 
mica-type l ayers with varying amounts and compositions of mater ia l 
between the layers may occur with a regular a l t e rna t i on of species 
types in the manner ABABAB (A=10 A mica, B=15 A montmori l loni te) , 
r e su l t i ng in a repea t un i t of 25 A (with a l s l r a t i o of A:B) and 
subsequent sharp higher-order r e f l e c t i o n s which are s t r i c t submulti-
ples of t h i s repeat d i s t ance ; randomly, that i s , with no type of 
ordering governing the i n t e r s t r a t i f i c a t i o n and whose peaks do not 
give an i n t eg ra l s e r i e s ; and complexly, with a l t e r n a t i o n s of random 
and regular occurring in the same c r y s t a l l i n e aggregate or segregated 
into zones in individual aggregates . There may a l so be mechanical 
mixtures of these with individual pure c rys t a l s of clay minerals . 
The i n t e r s t r a t i f i c a t i o n common to almost a l l i l l i t e s (hydrous micas) 
probably involves random hydration (degradation) in varying degrees 
of a ra ther small percentage of the mica p l a t e l e t s , which gives the 
low-angle asymmetry general ly evident on the 001 peak of an i l l i t e 
d i f f rac t ion diagram. The samples s tudied a l l showed t h i s type of 
mixed-layering as well as some poss ible random i n t e r s t r a t i f i c a t i o n 
of the i l l i t e with c h l o r i t i c and montmorillonitic components. 
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In order to evaluate the amount of mixed-layer material, 
area determinations were made on the 4° - 11° 26 portion of all the 
diffraction diagrams. The original diffraction diagrams were re-
corded on semi-logarithmic chart paper to coincide with the loga-
rithmic intensity counting system in the G. E. X-ray unit. For area 
calculations to be meaningful, however, both ordinates should be 
arithmetical. The aforementioned angular range of each diagram was 
therefore replotted on graph paper having 20 divisions to the inch 
both ways. A smooth background descent curve was drawn in on the 
original diagram so that absolute intensities could be represented 
on the replot. Because the recorded intensities represent approxi-
mately the number of radiation counts received per second by the 
Geiger-tube, the intensities of the various peaks are given in 
counts/sec. and the area under the curves in counts2/sec. 
The area of the illite peak can be determined (see Figure 
3) by constructing a vertical line through the apex of the 10 Apeak 
on the replot, a tangential line to the high-angle slope of this 
peak, and another line intersecting the apex and the base line the 
same number of units from the apical line as does the high-angle 
tangential line. This delineates an isoceles triangle of diffrac-
tion area representing the minimum diffraction area due to 10 A ma-
terial. To this area, calculated by the formula A=l/2 bh, where 
b = base in counts/sec. and h = peak height in similar units, must 
be added what is herein called the 10 A residual area, or that part 
of the curve lying outside of the high-angle tangential line and be-
neath the intensity curve. This area was determined planimetrically 
and is added only once, as theoretically it is due to disorder and 
should occur only on the high-angle side of the diffraction maximum. 
This does not always hold strictly true in the case of these illite 
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oArea of 








CD - vertical apical line at 10 A spacing Uqual to illite 
intensity) 
o 
CA » tangential line to high-angle alopo of 10 A poak 
CB - tangential line to inferred low-.uigle slope of 10 A peak 
AD » BD; .*. ABO ia an iBoocelea trianplo 
ABC - rainiraum diffraction aro'u due to 10 ?» mineral 
AQF - minimum residual diffraction area due to 10 A mineral 
disorder 
B13C « area of mixed-layering 
Fig. 3. Mixed-Layering Analysis 
samples, but the amount of error will not seriously affect the cal-
culated percentages. 
The area under the curve and outside the illite diffrac-
o 
tion triangle between the 10 A peak and the lowest angle of diffrac-
tion where the curve intersects the base line (about 5° 2 9 in most 
instances) results from diffraction of X-rays by lattice spacings 
o 
greater than 10 A. Three-layer units may hydrate to almost any 
thickness over 10 A with sufficient water available, as in the case 
of montmorillonite, or may be restricted to certain thicknesses 
under ordinary humidity conditions (14.2 A in the case of vermiculite 
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and 12.6 X and 15°5 X for Na and Ca montmorillonites, respectively). 
This interstratification may extend from 10 A out to at least 20 A 
in the case of the montmorillonitic-type layers mentioned above, but 
inclusion of Mg cations with the water (OH groups) in the interlayer 
positions restricts the maximum spacings to about 14°2 A (chlorite 
and hydrated vermiculite). Spacings above this may be due to mont-
morillonite interlayering with illite and/or chlorite, or to regu-
larity in the mixed layering resulting in an integrated unit cell 
spacing equal to the sum of the component unit cells. 
Also causing diffraction in this region are the individual 
crystals of the pure clay minerals chlorite, vermiculite, and mont-
morillonite. Under ordinary humidity conditions, these give defi-
nite diffraction maxima in the region 6.4 - 8.7° 2 6. All of the 
material diffracting at angles less than 8.7° 26 has been included 
in the mixed layer totals. If definite-enough peaks exist for the 
individual clay minerals in this region, their areas can be computed 
by the isoceles construction used for the illite determination and 
subtracted from the total mixed-layer assemblage area. 
In the low-angle region under scrutiny, Lorentz, polari-
zation, and powder halo corrections decline rapidly within a rather 
small angular range. Johns, Grim and Bradley (1954) state that re-
corded intensities should be reduced to terms of relative F or F* 
values. This can be done symbolically by adjusting one flank of a 
peak record to the other by a point-by-point application of the ratio 
of the respective reduction factors according to the equation: 
I corr = la 0(9*° Is co r r° Is £T6s7 * 
Is corr. and Ig are the corrected and observed intensities 
at a value of sin 6/A on the slope being adjusted. 0(6s) and 0(9r) 
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are respectively the reduction factor of the point being adjusted 
and that of i t s reference, 0 being the Lorentz, e t c . , correction 
factor. This treatment of the scattering intensity dis t r ibut ion 
makes apparent the real slope of the diffuse features occurring at 
low angles but has l i t t l e effect on the t o t a l mixed-layer percent-
age; i t was omitted here because of the amount of calculations in-
volved because extremely precise re la t ive percentage data were not 
required. 
The final correction factor which is quite important for 
the determination of relat ive percentages of clay minerals, espe-
cia l ly in the low-angle region of f i rs t -order basal ref lect ions, is 
a geometrical one. Three-layer mica-type clay minerals scat ter 
along the 00$ row line with an efficiency which varies according to 
a form factor function. This function has been experimentally de-
termined by Bradley (1945); i t graphs estimated relat ive in tens i t i es 
against sin O/X, A portion of Bradley's curve has been replotted by 
the present author with °2 9 as the absicca unit (Figure 4) to f ac i l -
i t a t e computations directly from the replotted scattering curves. 
I t can be seen from the graph of th i s factor that scattering from 
o 
three-layer clay minerals at an angle corresponding to 17 A exceeds 
by a factor of approximately four the diffraction of similar type 
material contributing scat tering at 10 A; thus the average form 
factor for the mixed-layer assemblage must be determined before a 
direct comparison of re la t ive percentages can be made. An arbi t rary 
procedure followed was to calculate unit areas along the mixed-layer 
curve, multiplying these values by the average form factor for the 
mean unit angle (2 9) and integrate these resu l t s to a t o t a l area, 
o 
This area value was subsequently divided by the form factor at 10 A 












Modified from Bradley (1949) 
Fig. 4° Form Factor. 
t o t a l mixed-layer area as determined by planimeter operations. The 
resulting value represents the average form factor for the part icu-
la r mixed-layer intensity distr ibution curve under consideration. 
Dividing the t o t a l uncorrected mixed-layer area by th i s average 
form factor gives the true relat ive mixed-layer intensity count 
area which can be compared with the t o t a l over-all diffraction area 
(within the angular range of the replot) to give re la t ive i l l i t e : 
mixed-layer percentages. I t is believed that th is method should 
25 
give r e s u l t s accurate to within 5-10 percent i f ordinary care i s 
taken in the planimeter operat ion. The error r e s u l t s mainly from 
the neglect of the Lorentz, po la r i za t ion , and powder halo correc-
t ion factors and secondari ly from the fact tha t the ch lo r i t e form 
factor is not exact ly s imi lar to that of montmorillonite, as well 
as from the usual mechanical e r r o r s . 
Application of t h i s technique to the mixed-layer s c a t t e r -
ing in the low-angle region i s necessary and des i rab le despi te the 
awkward correc t ion factors to be applied here, because random i n t e r -
s t r a t i f i c a t i o n of t h i s complex type does not produce a measurable 
se r ies of d i s t i n c t i v e d i f f rac t ion maxima at higher sca t t e r ing angles, 
as do the clay mineral assemblages with more regular d ispos i t ions of 
unit ce l l s ize v a r i a t i o n s . 
Resu l t s . Two pla in oriented s l i de s of each s ize fract ion 
for the untreated samples were i r r a d i a t e d , and the resu l t ing dif-
fract ion diagrams compared with each o ther . The l ess - than-2 micron 
size f ract ion of these samples has f a i r l y s t rong, sharp peaks repre-
senting the pure clay minerals and a ra ther small amount of mixed-
layer ma te r i a l . I t also usual ly contains small amounts of quartz and 
gypsum. The l ess - than-2 micron - g r ea t e r - t han - .5 micron fract ion i s 
s imilar to the l e s s - than -2 micron f ract ion except t h a t a l l the peaks 
are sharper and more in tense , and i t contains even l e s s mixed-layer 
mater ial than does the l ess - than-2 micron f rac t ion . The l e s s - t h a n -
.5 micron fraction usual ly contains no quartz or gypsum, and i t s 
clay mineral peaks are general ly broader than those occurring in the 
other two f rac t ions due to decreasing p a r t i c l e s i z e . In addi t ion , 
the peaks' sharpness and in t ens i ty are general ly l e s s in the smaller 
s ize fraction because of the grea te r degree of hydration of the min-
e r a l s and the i r l e s s than perfect o r i en ta t ion and c r y s t a l l i n i t y . 
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In the way of a general qualitative description of the 
five samples, a brief resume of their mineral compositions, in order 
of abundance for each size fraction, is given below. The percent-
ages were determined in a manner similar to that used by Johns, 
Grim, and Bradley (1954) with some important modifications. The 
percentages of illite, montmorillonite, chlorite, and kaolinite (the 
latter two may be distinguished only when their higher-order peaks 
show separation on the diffraction diagram) were determined from the 
relative intensities of the 3.3 A and 3°5 A peaks on diffraction 
records from plain, glycolated, and heated slides of every sample 
diagram and not from the plain sample diagram. This was done be-
cause of the amount of hydration attendant to these illites which is 
expanded away from the 3-3 A peak with glycol, sharpening the peak 
and enabling the intensity maximum to be representative of the il-
lite present. The mixed layers-to-illite ratio previously deter-
mined for plain samples was adjusted to conform with the intensity 
of the 3°3 A illite peak and the intensities of chlorite and mont-
morillonite from the 3°5 A peak were subtracted from the mixed-layer 
intensity. The resulting value is the true amount of mixed-layer 
intensity corrected for pure chloritic and montmorillonitic layers. 
The intensity values for gypsum and quartz were not included in the 
total clay mineral constituents. Gypsum is not usually present in 
the less-than-.5 micron fraction, and quartz, when present, does not 
amount to more than about 2 percent. The total clay mineral com-
position is given below in Table 2, 
All the samples contain small amounts of quartz, as men-
tioned above. The Minford, Purington, and Fithian clays also con-
tain a trace of gypsum in this less-than-,5 micron size fraction. 








TABLE 2. % COMPOSITION OF THE < ,5 FRACTION 
(Unexchanged Samples) 
Mixed 





















^Corrected for chlorite and montmorillonite, 
hydrated, causing slight expansion with glycol and contraction with 
heat. The Purington clay, described by Grim (1941, page 28) as con-
taining montmorillonite, actually has little more of this pure min-
eral in the less-than-«5 micron fraction than the other clays stud-
ied, because most of its montmorillonite-like component is engaged 
in mixed layering with other layers, probably illitic. This is 
0 
shown by its lack of a 17-17»6 A maximum with glycol and its rather 
0 
insignificant contribution to the 3«5 A maximum in the air-dry sam-
ples. In spite of these facts, the Purington component listed as 
mixed layers has a highly montmorillonitic character and should 
probably be considered as such in the percentage composition. 
The first-order basal spacing of the chloritic component 
of the Jackson clay cannot be distinguished without first heating 
the clay in order to collapse the masking mixed-layer and expandable 
material. The small amount of kaolinite present in the Jackson and 
Fithian clays is rather poorly crystalline in character. 
The compositional differences between the le.ss-than-2 
micron-greater-than-. 5 micron, and the less-than-,5 micron fractions, 
are small. The other differences are structural; the minerals in 
the larger fraction (less-than-2 micron - greater-than-.5 micron) are 
much less subject to hydration (degradation) and other mixed-layer-
ing effects due to c-axis variations, and give sharper, more intense 
28 
peaks as a consequence of particle size and degree of orientation. 
For these reasons, as well as the belief that the smaller fraction 
with the most mixed-layer material would probably have the higher 
base exchange capacity and thereby be more susceptible to cation ex-
change reactions, the less-than-.5 micron fraction was used herein 
as representative of the clay fractions of the samples studied. 
The less-than-.5 micron fraction of untreated materials 
showed interesting results when subjected to analysis for the per-
centage of mixed layers, as described above under the subheading 
"Mixed-Layering Analysis." The diagrams of the untreated materials 
are reproduced on Plate I, and these results are summarized in Table 
3. From these data, it is obvious that the plain untreated samples 
of this size fraction contain about 50 percent mixed-layer material 
o 
relative to the amount of 10 A material. This relative percentage 
does not seem to vary drastically from sample to sample, but the 
calculated average form factor does, denoting differences in angular 
distribution of scattering material. The first two samples listed, 
Minford and Purington (and also the Jackson clay), actually contain 
less true mixed-layer material than is shown in the relative calcu-
lated percentages. Each contains pure clay minerals diffracting in 
the mixed-layer range (10.2 A-19.0 A ) , the Minford and Jackson 
samples having chlorite and montmorillonite as pure components and 
the Purington sample containing only montmorillonite. If the rela-
tive areas of these pure minerals were subtracted from the total 
mixed-layer area and the average form factor adjusted accordingly, 
the calculated percentages of mixed layers would show smaller values 
for these samples. It was not practical to do this in the mixed-
layer analysis, however, because the pure clay minerals often did not 
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The result of glycolation is the sharpening of the illite 
(mica) peak at 10 A by expanding the associated hydrated illite 
platelets and mixed illite-montmorillonite materials and moving 
their scattering contributions toward lower diffraction angles- The 
total amount of basal reflection area is usually less from the gly-
colated samples, possibly because of loss of orientation caused by 
the imbibing of the glycol. The glycolated samples give the true 
position of the illite peak, devoid of expandable material, however; 
this spacing therefore was used for delineation of the axis of the 
illite area triangle construction in the plain samples when the 10 A 
peak was obviously obscured by hydrated and mixed layers. 
Upon heating to 4650 C. and air-quenching, collapse of hy-
drated material took place with a consequent increase of intensity 
in sharpness of the illite 10 A peak. The fact that complete col-
lapse to about 10 A did not take place in the Fithian sample indi-
cates that some material other than volatiles is occupying the in-
ter-layer positions in this illite and preventing the layers from 
closing to 10 A when the water is driven out. Results of cation 
saturation and subsequent X-ray analysis (Plates XI to XVI, Appendix 
A) indicate that K+, Mg++, and Ca among the more commonly occur-
ring exchange cations are capable of preventing collapse of the mica-
type layers with heat, thereby resulting in a lattice spacing above 
10 A (usually about 10.4 A). A comparison of ionic sizes (Table 4, 
below) reveals that the ions capable of preventing collapse to 10 A 
are larger than those permitting complete collapse. This generality 
does not hold in the case of the beryllium ion, however, which is 
the smallest of the ions used and yet acts like a large cation in 
preventing collapse. Obviously, ionic charge also plays a role in 
this phenomena. More will be said concerning the thermal effects 
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TABLE 4, IONIC RADII OF SOME EXCHANGE CATIONS* 
Element Charge Radius (A) 
Be +2 0.31 
0.34 
Li +1 0.60 
0.78 
Sn +4 0.71 
Mg +2 0.65 
O.78 
Ca +2 0,99 
1.06 
K +1 1033 
NH4 +1 1042 
lo59 
*From Handbook of Chemistry and Physics: 35th Edition (1953-
1954), Chemical Rubber Publishing Co., Cleveland, Ohio. 
on samples saturated with various cations in the following section 
on cation saturation. 
The relative percentage of mixed layers determined to be 
present in the samples following heating is larger than was antici-
pated, assuming that the skewness was due entirely to hydrated mont-
morillonite or hydrated illite platelets which would collapse to 10 A 
or less upon heat treatment. The fact that complete collapse to 
this spacing did not occur indicates either that some non-volatile 
material may be interspersed between the layers, or that part of the 
original skewness may be due to structural deviations, such as buck-
ling and near-surface crystal deformations which would become more 
abundant as the particle size decreased (increasing the surface area) 
or that appreciable rehydration of the degraded illite areas occurred 
after cooling and before X-raying. Clays have been known to rehy-
drate in a few hours under ordinary humidity conditions after heat-
ing (Grim, 1953, Chap. 9). 
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CATION-EXCHANGE CAPACITY AND EXCHANGEABLE CATIONS 
METHODS OF ANALYSIS. The methods for determining cation-exchange 
capacity and exchangeable cations are many and varied. The main 
drawbacks of almost all of the previously suggested procedures for 
these determinations are their complexity and the excessive time 
needed for their completion. The most widely used and accepted 
method of cation-exchange capacity determination, the ammonium ace-
tate method described by Schollenberger and Simon (1945), consists, 
for example, of essentially 20 steps and takes at least six hours 
for a complete analysis (modified ammonium acetate method; W. A. 
White, personal comm.). The complexity and amounts of equipment in-
volved in the leaching and ammonia distillation, as well as the large 
numbers of titrations for pH control inherent in the method, call 
for the training of an analytical chemist, which few geologists pos-
sess. Realizing this, Dr. George Kulbicki and J. D. Winslow, work-
ing in Dr. R. E. Grim's clay mineralogy laboratory at the University 
of Illinois, evolved an extremely simple method for determining the 
cation-exchange capacity of clay materials utilizing the flame 
spectrophotometer. This cation-exchange method, along with a similar 
method for determining the exchangeable cations Na+ and K+ also pro-
posed by these two workers (both methods described below), was used 
by the author in this investigation because of its speed and simplic-
ity. For much the same reason a versenate method of determination 
of the exchangeable Ca++ and Mg++ worked out by Cheng and Bray (1951) 
was adopted for this analysis. The latter method allows the deter-
mination of both Ca++ and Mg + to be performed on the same solution, 
resulting in a great saving of time and material. 
Although the methods of cation-exchange capacity and ex-
+ + 
changeable Na -K determination may sacrifice some accuracy for 
speed and simplicity, they are judged to be well suited for use by 
geologists and engineers interested only in a general idea of a clay 
material's cation-exchange capacity and complement of exchangeable 
cations. 
ANALYTICAL PROCEDURE. 
Ca-Mg. Following the method of Cheng and Bray (1951), 
calcium and magnesium were determined as follows: 
1. One gm„ of the clay sample (ground only slightly in 
a hand mortar to break up large aggregates resulting 
from drying) was carefully weighed out on an analytical 
balance and placed in a 50 ml. beaker. 
2. Twenty-five ml. of NaN03 (23$ by wt. solution) was 
added to the beaker. The sample was left in this so-
lution for one hour with frequent stirrings. 
3. The suspension was carefully filtered through a 
Buchner funnel, using //50 wetted filter paper and a 
light vacuum. 
4. Ten ml. of the filtrate was transferred to a 400 ml. 
beaker and diluted with 40 ml. of distilled water. 
5. Two ml. of 10$ KOH was added to the 50 ml. of so-
lution. 
6. A pinch of indicator powder [mixture of K2SO4 
(40 gms.) and murexide (0.2 gms. from Eastmen Kodak 
Co. )] was added. 
7. The solution in the beaker was titrated with 
versenate {0.1+% aqueous solution) from a deep pink 
color to that of a violet-purple. The amount of 
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versenate solution used in the titration was read 
and recorded. 
Since 7-9 ml. of the versenate solution is needed to ti-
trate 1.0 mgm. Ca++ to end-point, the milliliters of versenate used 
to titrate the 10 ml. of sample solution are extrapolated to the 
amount needed to titrate the 25 ml. of sample solution originally 
used by dividing it by 0.4 I 2 ml° - 0.4 J . This result is divided 
by 7-9 to give the mgms. of Ca present in the 1 gram sample. To 
convert to millequivalents per 100 grams, the value for Ca in 
mg/gram is multiplied by 100 and divided by the atomic weight of Ca 
(approximately 40). To simplify calculations, a "constant multi-
plier" was determined which, when multiplied by the amount of ver-
senate in ml, used to titrate the 10 ml. of sample solution, gives 
the ME/100 gm. of Ca directly. The value of this "constant multi-
plier" for Ca++ is .7890 for 25 ml. of NaN03 solution, 1 gm. of 
sample, and 10 ml. of sample solution titrated to the end-point. 
The determination of Mg + in the sample was accomplished 
as follows: 
8. To the titrated solution from the last step of 
the Ca++ determination described above, a water solu-
tion saturated with bromine was added dropwise until 
the color of the versenate-titrated solution dis-
appears. 
9. About 1 gm. of hydroxy]amine hydrochloride (crystal) 
was then dissolved in the resulting clear solution. 
10. Five ml. of an NH4CI-NH4OH buffer solution (pH=10) 
was added to the sample solution, and then one or two 
drops of concentrated HC1 was mixed in until the solu-
tion cleared. 
11. One ml. of KCN {2% aqueous solution) was care-
fully addedj followed by six drops of F 241 indi-
cator solution (0.2 gm. Erichrome black T in 50 ml. 
methyl alcohol containing 2 gm. hydroxylamine hydro-
chloride) , 
12. This wine-red solution was titrated with the 
versenate solution until the color turned to blue. 
The amount of versenate solution needed to titrate 1 mgm. 
of Mg++ to the end-point is 13»3 ml. A "constant multiplier" for 
converting the Mg + reading to ME/lOO gms. can be arrived at in the 
same way as the one for Ca++ was determinedy except for the substi-
tution of the atomic weight of Mg++ (24.3) for that of Ca , and 
the 13.3 ml. figure for the 7-9 ml. in the Ca calculation. This 
"constant multiplier" turns out to be .771$ f°r Mg++. 
Cation-Exchange Capacity. The Na-saturated clay residue 
(1 gm.) left on the filter paper in step 3 above was treated in the 
following manner to obtain its cation-exchange capacity: 
13. The residue on the filter paper in step 3 was 
washed once with 25 ml. H2O and five times with 
25 ml. methyl alcohol (slightly basic or neutral) 
per washing. 
14. One hundred ml. of 2N ammonium acetate was 
allowed to seep slowly through the clay on the fil-
ter paper. If the ammonium acetate passed through 
the filter in less than one hour, another 50 ml. 
of the ammonium solution was added to the funnel 
and allowed to filter through. This was repeated, 
if necessary, until the clay had been in contact 
with the ammonium solution for at least one hour. 
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The filtrate was collected and bottled for flame 
photometer analysis of its content of displaced 
Na+, from which the cation-exchange capacity was 
computed. 
Na-K. The only prominent exchangeable cations still un-
determined are Na and K . These cations were evaluated as follows: 
15. Another 1 gm. sample of the clay was weighed 
out and placed in a 50 ml. beaker for the deter-
mination of exchangeable Na+ and K+» 
16. To this sample was added 50 ml. of 2N ammo-
nium acetate. This was allowed to react with the 
clay for at least one hour and frequently agitated 
during this interval. 
17= At the end of this time, the suspension was 
filtered through a Buchner funnel as before, and 
the filtrate collected and bottled for flam photo-
meter determination of Na+-K+. 
As this was done previously for the calculations of Ca++ 
and Mg++, a "constant multiplier" for Na+ and K+ was devised by 
merely converting the parts per million reading (corrected) on the 
flame photometer scale into milligrams per gram of sample (1000 ppm= 
mgm.) and converting this value into ME/lOO grams by multiplying by 
100 and dividing by the approximate atomic weight of the element. 
Using 1 gm. samples and the amounts of solution indicated in the 
procedure above, the "constant multipliers" are: .4346 for c.e.c. 
Na , .2172 for exchangeable Na+ and .1278 for exchangeable K . 
FLAME PHOTOMETER. As the flame photometer plays a critical role in 
a major part of the method for c.e.c. and exchangeable cation deter-
mination described above, a brief discussion of the technique and 
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its limitations is presented here. 
The instrument used was a Perkin-Elmer Model 52-C flame 
photometer, with a lithium internal standard. In it, an emission 
spectrometer is combined with a flame source and a photoelectric 
detection system for the measurement of light intensity. 
The following paragraph taken from the Instruction Manual 
of the instrument (1952) is a succinct, though over-simplified, def-
inition of flame photometery. 
"The flame photometer is an instrument for the 
rapid determination of sodium, potassium and other 
metals in solution. It is designed to measure quan-
titatively the light emitted by various metals when 
they are atomized from solution, led to a burner, 
and excited to spectral emission in a flame. Since 
the intensity of the light emitted by each element 
depends primarily on the concentration of its atoms 
in the flame at any given instant, a measurement of 
the light intensity produced by a given element 
makes possible the quantitative determination of 
that element." 
The flame photometer is a relative instrument and most of 
the variables affecting the intensity of light emitted by the sample 
can be minimized through the use of standard solutions. 
The simplest method, and the one used by the author in 
this investigation, is to introduce the sample to the flame, meas-
ure the amount of light emitted by the desired element, and relate 
the photometer reading to the concentration. This "direct inten-
sity" method assumes that the atomizer delivery is constant, that the 
portion of the sample nebulized remains the same, and that the flame 
characteristics do not vary. These assumptions are never strictly 
valid and some error is thus introduced. The maximum accuracy at-
tainable by the direct intensity method is about 2% to 3$, provided 
there is no depressant effect of foreign materials. 
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The second alternative procedure is called the "internal 
standard" method. Here a known amount of an element not present in 
the unknown (the standard instrument uses lithium) is added in the 
sample preparation and the same concentration of the element is used 
in each standard solution. The amount of light emitted by the un-
known element is measured on one phototube while that emitted by 
the constant amount of internal standard is measured on another. 
Analysis is made by adjusting the internal standard signal with a 
potentiometer until it just balances the signal due to unknown - in 
effect determining the ratio of unknown concentration to known in-
ternal standard concentration. Since many of the variables tend to 
affect both unknown and internal standard in the same way, the ratio 
tends to be invariant. The accuracy attained by this method is 
about 1% maximum, under the same circumstances as applied to the di-
rect intensity method. The small increase in accuracy was not deemed 
worthy of the extra preparation and manipulation for the purposes 
of this investigation, so the direct intensity method was used. 
RESULTS. The data obtained on the cation-exchange capacity and ex-
change cations of the five samples investigated by the procedures 
outlined above are tabulated according to size fraction in Table 5. 
It should be evident from tabulation that the distribution 
of cations is not the same in the three size fractions, indicating 
that there may be slight mineralogical and structural differences 
between the three fractions resulting in the adsorption of a slightly 
different exchange cation complex in each case. X-ray data seem to 
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FITHIAN GRUND. JACK. PUR. MINFORD 
Fig. 5» Comparison of % Mixed Layers and C.E.C. 
from Table 5. It seems, from this plot, that the amount of mixed-
layering does not directly influence the c.e.c. value. For example, 
even though the Fithian clay has more mixed-layered material than 
the other clays, it has the lowest c.e.c. value. Therefore, the 
kind of mixed-layering present seems to be more important than the 
amount. We can envision the Fithian mixed-layered material as be-
ing chlorite units intergrown with the mica layers, or a mica famil-
ial layering - at least the mixed component is not a montmorillonite 
with any large cation-exchange capacity. In both the untreated 
4-2 
condition (Plate I, p. 30) and when treated with various cations 
(Plate XVI, Appendix A), the Fithian clay showed no appreciable ex-
pandable material with glycol saturation. The mixed-layering in this 
clay, then, is closely associated with the illite maximum and con-
sists of unexpandable material with a low c.e.c. value. 
The mixed-layering in the other clays can be similarly 
characterized. Grundite has the highest total values of mixed-
layering and cation-exchange capacity (Figure 5). Glycol treatment 
(Plates I, XIII, and XIV) shows both an expandable and a non-expanda-
ble component (the 10 A maximum remains broad after glycolation). 
Grundite is thus interpreted as being composed of a montmorillonitic 
member and a nonexpanding mixed-layer component, as well as plain 
illite. Jackson clay (Plate I and XV) exhibits a somewhat similar 
composition, except that it has only a small amount of mixed-layer 
material closely associated with the illite maximum. The Purington 
and Minford clays (Plates I, XI, XII, and XIII) have the least amount 
of mixed-layered material intimately associated with the illite maxi-
mum at 10 A. Like the Fithian sample, these clays have rather low 
c.e.c. values, but, unlike Fithian, they also have low ra-1 values, 
Minford being especially poor in this respect. The trace of the 
heated slide (Plates I and XI) shows chlorite to be present in the 
Minford sample. Minford has a rather small amount of mixed-layering, 
almost all of which can similarly be expanded away from the 10 A maxi-
mum. Purington also has a separate montmorillonitic component that 
expands in glycol. Because of the expanding ability of the mixed-
layering in the Purington and Minford clays, indicating more active 
cation-exchange sites, these samples have a higher c.e.c. per unit 
of m-1 than the clays whose mixed-layers do not react with glycol. 
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Examination of these t r ace s in t h e i r various t r e a t e d 
s t a t e s can only give an indicat ion of the type and manner of the 
mixed-layering occurring within them. Final judgment awaits a more 
ref ined in t e rp re t a t i on of the X-ray data by such means as Fourier 
t ransforms. 
The values determined for cation-exchange capaci ty seem 
to be j u s t about half of the values reported in the l i t e r a t u r e for 
the same or similar clay samples of t h i s general type . Almost a l l 
of these previously reported values were obtained by the ammonium 
ace ta t e method. Although the orders of magnitude of the two methods 
do not c o r r e l a t e , intra-method cor re la t ion i s good and, as s t a t ed 
e a r l i e r , comparisons between the two methods can reasonably be made 
by mult iplying the r e s u l t s of the Kulbicki-Winslow method used 
herein by a correct ion f ac to r - t h i s fac tor equals approximately 2 
in the case of comparison with ammonium ace t a t e . 
A glance a t the data in Table 5 wi l l reveal what other 
workers have already shown - t h a t the base exchange capacity of a 
clay ma te r i a l increases with decreasing s ize of the analyzed f rac-
t i o n s . If, then, the cation-exchange value of the l e s s - t h a n - , 5 
micron f rac t ion i s g rea te r than that of the 2- .5 micron f r a c t i o n , 
the l e s s - t h a n - 2 micron f rac t ion value should l i e somewhere interme-
diate of these two. This may be in te rpre ted to mean t h a t , based on 
base exchange capacity da ta , the l e s s - than -2 micron f rac t ion repre-
sents a mixture of de f in i t e proport ions of each of i t s const i tuent 
f r a c t i o n s . The formula used to ca lcu la te these percentages i s de-
r ived from the r e l a t i onsh ip s : 
x + y « 1 
Ax + By = C 
where x equals pa r t s of l e s s - t h a n - , 5 micron f rac t ion per 100 pa r t s 
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of less-than-2 microns, and y equals parts of the 2-,5 micron frac-
tion per 100 parts of less-than-2 microns; A equals less-than=.5 
micron fraction ce.c. in ME/100 gms,, B equals 2-.5 micron frac-
tion ce.c, in ME/lOO gms,, and C equals less-than-2 micron c.e.c. 
in ME/lOO gms. The two equations are solved as follows: 
x - y = 1 (1) 
Ax + By = C (2) 
solving for x in equation (2), 
v - C -By; 
A 
substituting the value of y from equation (1), 
x = C — B . Bx 
solving for x, 
x - Ix 
A 














A - B 
and from (1), 
y = 1 - x . 
The results of solving for x and y in equations (1) and 
(2), using the values of the c.e.c, determined for each of the size 
fractions of the five samples as the coefficients A, B, and C, are 
summarized in the table below: 
TABLE 60 CATION EXCHANGE CAPACITY 
Size __ Minford Purington Grundite Jackson Fithian 
Less-than-,5 microns 44.6 -- 56.5 
2 - ,5 microns 55.4 — 43.5. 
Less-than-2 microns 100,0 100,0 
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Minford and Grundite are the only samples of the five 
:lays analyzed whose less-than-2 micron fraction c.e.c. values lie 
somewhere between the values for the 2-.5 micron and less-than-.5 
nicron fractions. The other three clays have c.e.c. values for the 
jombined fraction (less-than-2 micron) which are either above or 
jelow the range represented by the two component fractions' values. 
Et is not possible that the whole can be greater (Purington) or less 
(Jackson and Fithian) than the sum of its parts, but since the 
/alues are near those of the maximum or minimum values of their re-
spective ranges, it is felt that some slight error occurred in the 
process of these determinations. The case of the Purington anomaly 
is rather easily understood, because during fractionation some of 
the very fine colloid material was discarded after about the tenth 
iecantation. The Purington clay contains montmorillonite, which 
Is generally of very fine particle size, as well as having a high 
Dase exchange capacity. The c.e.c. of the less-than-.5 micron frac-
tion may therefore have been substantially underestimated. It is 
likewise possible that failure to separate the less-than-.5 micron 
fraction completely from the 2-.5 micron fraction may be the cause 
of the similar unexpected results in the case of the Jackson and 
Fithian samples. 
Comparison of the total cation values for the different 
fractions of the individual samples indicates a much better corre-
lation with expected results. The total cation values are gener-
ally within the same range as the c.e.c. results but do not show an 
anomalous less-than-2 micron value for some of the samples, as was 
the case with c.e.c. determinations. It is postulated^ therefore, 
that the c.e.c. determination procedure was at fault, most probably 
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in the portion (step No. 14) relating to the displacement of exchan-
ged sodium from the clay with ammonium acetate. Either the replac-
ing solution did not contain a sufficient concentration of ammonium 
ion (or alternatively, did not remain in contact with the clay long 
enough) or some deleterious effect, due to the concentration of am-
monium ion in the analyzed solutions, was experienced in the flame 
photometer readings for c.e.c. 
Assuming the total cation values represented the cation-
exchange capacity of the sample fractions more closely than did the 
actual c.e.c. values obtained by the sodium saturation method, cal-
culations of the relative percents of the two fractions making up 
the clay (less-than-2 micron) fraction were made, using the same 
equations as previously, (l) and (2), where the coefficients A, B, 
and C now represent the total exchange cations in ME/lOO gms. for 
the less-than-.5 micron, 2-.5 micron, and less-than-2 micron frac-
tions, respectively. The results of these calculations are tabu-
lated in Table 7 below: 
TABLE 7. TOTAL CATIONS 
Size Minford Purington Grundite Jackson Fithian 
Less-than-.5 microns 46.3 92.5 44.0 59.1 40.0 
2-.5 microns 53.7 7.5 56.0 40.9 60.0 
Less-than-2 microns lOOTO 100.0 100.0 100.0 100.0 
These data show that as regards the total exchangeable 
cations, the proportions of less-than-.5 micron and 2-.5 micron 
fractions calculated by this method for all five clays add up to 
equal 100$ of the less-than-2 micron fractions of the clays. This 
fact does not in itself prove the method or its results to be cor-
rect, but it at least increases their plausibility. Assuming that 
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the calculations are correct, then Table 7 represents a size break-
down of the clay fraction of each of the five samples. The 
Purington values seem to be slightly anomalous. 
Some generalities can be drawn from Table 5 (page 40) 
concerning the exchangeable cations identified from each clay. 
Examining the results for the entire clay fraction (less-than-2 mic-
rons), it is apparent that the Purington, Jackson, Grundite and 
Fithian clays contain a large percentage of K+ in their total ex-
changeable cation content, while the Minford clay has only a small 
percentage of this ion. This fact may be interpreted to mean that 
the four clays containing the larger amount of K+ were deposited in 
a marine environment and had adsorbed the K+ from sea water. Like-
wise, these four clays contain a large percentage of Mg , presumably 
also adsorbed from a marine environment. The Minford contains little 
K+ and Mg+2, in keeping with its assumed glacio-lacustrine origin, 
+2 
but has a very large percentage of adsorbed Ca 6; this probably 
reflects the high calcium content of glacio-lacustrine environments 
in areas of limestone outcrop. 
The adsorbed sodium content of these clays is not indica-
tive of any particular environment. 
I I 1 1 I ' I . 1 I 
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ACID TREATMENT 
PROCEDURE, In an attempt to obtain a general idea of the total 
amount of unexchangeable K+ contained in the various clay samples, 
the three size fractions of each clay were treated with hydro-
chloric acid in the following manner: 
15. The clay remaining on the filter paper in step 14 
of the Na-K determination described above was washed 
off the filter paper with distilled H20 and into a 50 
ml. beaker. The beaker was then placed into an oven 
at 60° C, and evaporated to dryness. 
16. Fifty ml. of concentrated (10 N) HC1 was added 
to each of the cooled beakers and allowed to remain 
there for 6 days, with at least one stirring daily. 
The beakers were covered with watch glasses to re-
duce evaporation during this period. 
17. After 6 days, the suspension was filtered in 
Biichner funnels through #50 acid-resistant paper. 
This filtrate was diluted with a known amount of 
distilled water and bottled for later analysis of 
K+ content on the flame photometer, in conjunction 
with the previously-obtained solutions from the c.e.c. 
and Na-K exchangeable cations determinations. In ad-
dition to treating all three sizes (fractions) of 
every sample with acid for 6 days, the less-than-.5 
micron fractions of all the clays were treated in the 
same manner with concentrated HC1 for a period of 24 
hours to observe the effect of limited acid attack on 
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the clay minerals. The determination of the 
amount of K+ in the acid solution after this 
treatment was attempted on the flame photometer 
without attaining good results. The clays were 
again washed, suspended in 50 ml, H20, and sedi-
mented onto slides for X-ray diffraction analysis. 
X-RAY ANALYSIS OF PLAIN AND GLYCOLATED SLIDES. The oriented slides 
of the acidized clays were analyzed in a manner similar to that 
used on the untreated and cation-exchanged slides except that the 
acid-treated slides were not subjected to heating. The proportion 
of illite to mixed layers was determined as before; the results 
are listed in Table 8 and the diagrams are on Plate II. 
A comparison of these data with the results of the analy-
ses of the untreated slides (Plate I) is interesting. In the case 
of the Minford and Jackson clays, acid treatment for one day does 
not appreciably affect the proportion of illite to mixed layers in 
these clays, whereas this treatment for a similar length of time 
causes a notable increase in the illite-mixed layers ratio of the 
other three clay samples (Purington, Grundite, and Fithian). Acid 
treatment for six days results in a slight decrease in the percent-
age of mixed layers in the Minford and Jackson samples, but a large 
increase in the percentage of mixed layers over the portion present 
in the one-day samples is evidenced by the other three clays. The 
explanation for these results seems to originate in the mineralogic-
al compositions of the samples. The Minford and Jackson clays 
contain a chloritic component which breaks down quickly upon ex-
posure to this concentration of acid, but apparently the brucite 
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goes into other mixed-layer types. Extension of treatment time re-
sults in a slight decrease in the proportion of mixed layers be-
cause further acid attack on the originally-chloritic component 
probably reduces the structure to a stripped talc layer, which 
would have a basal spacing similar to that of mica (about 10 A) 
and therefore a decrease in the percentage of material diffracting 
at angles lower that 8,7° 2 0, The extended acid attack (six days' 
duration) also seems to destroy some of the expanding ability of 
the remaining mixed layers (probably because of the movement of 
Al+3 from octahedral to interlayer positions), as shown by the 
small change in form factor upon glycolation. 
The other three clays contain no appreciable chlorite, 
but have as components proportionally greater amounts of mont-
morillonite in true mixed-layer material. The decrease in mixed-
layer percentage in these samples after reaction with acid for 24 
hours may be due to the removal of interlayer cations and brucite 
sheets from the montmorillonitic and mixed-layered components; 
the subsequent rather large increase in the proportion of mixed 
layers after six days of reaction can be considered as due to a 
process of hydration of the illite lattice caused by potassium-
ion removal in the acid solution. This results in an increase in 
the illite basal spacing with hydrogen-ion adsorption in exchange 
positions. In the two clays with the least original hydration of 
their illite component, Minford and Purington, the indicated lat-
tice expansion does not take place after acid treatment for only 
one day, but is noticeable after six days' exposure to acid attack. 
This indicates that the degree of crystallinity of the illite is a 
factor in lattice alteration, as would be expected, 
_Barflhari (1950) reports that the hydrogen ion acts in a | 
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manner similar to the magnesium and calcium ions with regard to the 
degree of lattice expansion it produces in mica-type structures 
when it is the interlayer cation. This fact is corroborated by the 
present experiments (as noted above), which also indicate that all 
three cations produce equivalent degrees of lattice expansion in 
similar clay samples under similar humidity conditions. The author 
agrees with Barshad's conclusion that these three cations cause the 
adsorption of twice as many molecular layers of water on air-dry 
expandable mica-type lattices as do, for instance, Li+ or Na+ ions. 
The determination of the total amount of potassium in the 
samples, which was the original object of acid treatment of the 
clays, was discarded because of the erratic readings of the acid 
solutions from each sample on the flame photometer. It is doubtful 
if any useful information could have been obtained even from a cor-
rect analysis of the amount of potassium ion in the acid solutions, 
as it is obvious that not much alteration of the illite took place 
in most of these solutions, even after six days. Possibly heating 
the acid and keeping its concentration constant would have resulted 
in a greater degree of attack on the illite, but it is believed 
that use of a strongly oxidizing acid, such as H2S0^ or HNO,, is 
indicated in order to extract all of the potassium from the clay 
lattice (by oxidation of the octahedral ferrous iron and con-
sequent negative-charge reduction; Murray and Leininger, 1949). 
The color of the samples in the acid was yellowish-green,, 
but the solutions filtered off the acidized clays were yellow. It 
is assumed from this that the iron (which colored the solutions) 
was partially ferrous when first removed from the lattice, as indi-
cated by the green tint of the solutions on the clays (ferrous chlo-
ride solution is pale green), but became oxidized to ferric during 
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bhe filtration process (ferric chloride solution is yellow). Some 
ferric chloride from the free ferric iron oxides usually present in 
clays was initially produced by the acid along with the ferrous and 
ferric chlorides from the iron within the octahedral layers of the 
chlorite, and possibly the illite, components. 
The acid also exhibited a bleaching action due to the dis-
solution of the organic material, iron oxides, and other pigmentary 
components of the clays. One day's treatment caused a color change 
to light gray in most of the samples; but after six days, all the 
clays were bleached completely white. 
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CATION SATURATION 
PURPOSEo The less-than-,5 micron fractions of the five purified 
illitic clay samples were saturated with several different cations 
in order to observe the effect of the nature of the interlayer 
cation on the expandable, degraded, or montmorillonitic mixed-
layered material, and to determine the effect of the nature of the 
interlayer cation on the high-temperature phases formed when the 
saturated clays were heated to an elevated temperature. 
The effect of cation saturation on mica-type lattices at 
room temperatures has already been observed by Barshad (1950), who 
used a vermiculite-type of lattice, and recently by Eschenburg, 
Stone, and Weiss (1956), on the same illitic clay from Grundy 
County, Illinois, investigated in the present report* To the author's 
knowledge, no investigation of the effect of cation substitution on 
the high-temperature phases of illite per se has been made, although 
this has been determined on other related clay materials, such as 
fire clays, kaolinite (Parmelee and Rodriguez, 1942), and mont-
morillonite (Kulbicki, 1956). 
PROCEDURE. Saturations with normal Li, Na, K,Ca, Mg, and Sn chlo-
rides, ammonium acetate, and 2 normal beryllium nitrate solutions, 
were effected on 1-gram samples of the less-than-.5 micron fraction 
of each of the five clays. To insure complete saturation of the ex-
change positions with the cations being used, the 1-gram samples 
were allowed to remain in contact with 250 milliliters of the 1 or 
2 N solutions (with agitation) for 24 hours, at the end of which 
time the supernatent solution was poured off and another 250 milli-
Liters of the solution added. At the end of another 24-hour period, 
:he supernatent liquid was again removed and the sample washed three 
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times with 300 milliliters of distilled water used for each washo 
The exchanged and washed clay was then made up to a 100-milliliter 
volume with distilled water, thoroughly suspended by stirring, and 
glass slides made by dropping two milliliters of suspension on the 
slide surface to dry. Two drops of the same suspension ratio (1 gm. 
clay/100 ml. HgO) were used to prepare oriented slides for analysis 
in the high"temperature furnace. 
It was noted that the monovalent cations produced a more 
stable and dispersed clay suspension than did the bivalent cations. 
The latter caused an aggregate formation among the clay particles 
and a consequent particle flocculation. From inspection of the 00J? 
peak heights, however, it appears that these aggregates have a high 
degree of orientation of their constituent platelets, these being 
stacked together on their basal surfaces. 
X-RAY ANALYSIS OF ORIENTED SLIDES. Oriented slides were made from 
the cation-saturated less-than-.5 micron fraction in a manner pre-
viously described. These slides were X-rayed, as were the untreated 
slides before, in three states: plain; after glycolation for 48 
hours; and after heating to 465 C. and air-quenching. Mixed-
layering analyses were performed on the diffraction diagrams of all 
the X-rayed slides and the results are summarized in Tables 18 to 22, 
intercollated with smoothed-curve plates (XI to XVI) of the low-
angle ranges of these diagrams (Appendix A). 
The first phenomenon that becomes apparent upon inspection 
of the curves and tables is the effect of specfic cations on the 
clays as a whole. Those clays having a large amount of mixed-
layering rather closely associated with the illite maximum (Grundite, 
o o 
Jackson, and Fithian) show maxima in the range 10.3 A - 10.9 A on 
1 
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diffraction diagrams of the plain slides saturated with all types of 
cations. The remaining clays, with lesser amounts of mixed-layering 
intimately associated with the illite peak (Minford and Purington), 
do not always show a distinct maxima in the 10.3 A - 10.9 A range, 
but a small degree of lattice expansion is usually expressed by a 
slight shoulder on the low-angle slope of the 10 A peak. All the 
cations give about the same amount of expansion in a specific clay; 
that is, the amount of expansion is^dependent on the specific clay 
type and not the specific cation type. The same thing can be said 
for the glycol-saturated slides - no distinction can be made between 
the specific saturating cations in individual clays on the basis of 
the amount of expansion with each cationo 
The effect of heating, however, is to divide the cations 
into two groups on the basis of their apparent ability to prevent 
complete collapse of the mica-type clays lattices on heating to 
465 C, and air-quenchingo 
The first group contains those cations which usually do not 
o 
hinder a complete collaps of the saturated lattice to about 10 A -
this group includes Li and Na . The second group of cations usually 
o 
does prevent complete collapse to 10 A upon heating, resulting in a 
o o ++ ++ ++ 
second intensity maximum between 10.3 A and 10.4 A - Mg , Ca , Be , 
+ + 
K , and NHi comprise the cations in this group. Table 9 below il-
lustrates these relationships in the unheated and heated clays. 
The results seemed to indicate another possible explanation 
for the apparent prevention of lattice collapse upon heating© It was 
postulated that rehydration of a vermiculite-like component following 
o 
ignition to 465 C. and air-cooling might be responsible for the re-
sultant spacings. Experiments involving sealing the heated slides in 
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TABLE 9. SECONDARY MAXIMA IN SATURATED ILLITES 
Sam- Nat-
pie Temp, Na NH4 Li Mg Ca K























































































































polyethylene a f t e r cooling in a des s i ca to r , while not conclusive, 
apparently indicated tha t appreciable rehydrat ion does take place in 
the heated and quenched s l i d e s , e spec ia l ly in the mixed-layered mate-
r i a l c lose ly associa ted with the i l l i t e 10 A peak. This phenomenon 
thus explains both the seeming prevention of complete collapse upon 
heating due to the hydration p rope r t i e s of spec i f ic adsorbed ca t ions , 
and the anomalously la rge percentage of mixed layers s t i l l present in 
the heated samples. 
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X-RAY ANALYSIS AT HIGH TEMPERATURES 
HIGH-TEMPERATURE DIFFRACTION FURNACE. The five clay samples, pre-
viously treated with various cations and examined by X-ray diffrac-
tion at room temperature, were now X-ray analyzed at increasing tem-
peratures from 25°-1400° C, In order to recognize the developing 
phases, as reflected by their appearance on the X-ray diffraction, 
trace, and record their temperature of formation, a technique of dy-
namic thermal X-ray diffraction was used. This technique was devel-
oped by G, Kulbicki (1958) for his study of phase changes in mont-
morillonites. 
Briefly stated, the D.T.X.R.D.* method developed by Kul-
bicki consists of a small platinum-wound ceramic furnace mounted on 
an X-ray diffraction unit so that a continuous record can be made 
of the phases forming in the clay sample while it is being heated to 
an elevated temperature. The furnace is equipped with a platinum-
rhodium thermocouple for determining the sample temperature. 
Two schematic cross-sections of the furnace are shown in 
Figure 6. The heating core consists of a length of ceramic tubing 
ground flat on one side. The edges of the semi-circular trough thus 
formed are bevelled to permit free insertion of the sample slide. 
This tubing is bound to a flat piece of ceramic plate of comparable 
dimensions by 87$ platinum-13# rhodium wire. The entire heating 
element is coated with alundum cement and set in a porous ceramic 
furnace body which had been hollowed out to receive it. The furnace 
sits on a ceramic base plate which in turn fits on top of a combina-
tion water cooling unit and adjustable base. Three screw-adjustment 

























^^ .Base Plate 
Fig. 6. Furnace Cross - Sections 
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legs on the base permit spatial orientation of the furnace and sam-
ple to give the correct degree and position of beam interception 
with the sample. 
The sample is heated by means of an ordinary 115-volt 
house power supply applied through two Variacs, the first Variac 
controlling the line current to the second one, which in turn con-
trols the current entering the furnace. The second Variac is motor-
driven at a speed of 20 volts per hour. 
Sample temperature is measured by a platinum/rhodium 
thermocouple which is positioned immediately behind the platinum 
slide on which the sample is sedimented, the thermocouple junction 
being in actual contact with the slide's rear surface. The temp-
erature is read in millivolts on a potentiometer and converted to 
degrees centigrade by the use of a conversion table. 
The slide containing the sample is accomodated in the cen-
ter of the furnace and the furnace and its base attach to the site 
usually occupied by the sample slide holder provided with the G. E, 
XRD-3 machine. The amount of beam emerging from the furnace port at 
0° 2 9 can be checked and adjustments made by means of the screws 
on the base supports. 
The results of the high temperature runs are diagramati-
cally illustrated in Plates VI to X, 
HIGH-TEMPERATURE PHASES. The initial effect of heat upon all the 
oriented samples in the furnace is a sharpening and intensifying of 
the basal (001) peaks due to expulsion of interlayer water. This 
change begins almost immediately upon applying current to the fur-
nace element and is usually completed at 150° C, Along with the 
sharping effect, the intensity maximum of 00jl (illite) shifts to 
around 10 A as the hydrated mixed layers collapse. Only the changes 
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in the illite lattice were studied in the temperature range 23° C -
1000° C. 
No significant further change occurs until a temperature 
o o 
of 475 -500 C , depending on the clay and adsorbed exchange cation, 
is reached. At this temperature the OOj? peaks change intensity and 
spacing. The 001 maximum decreases in intensity to approximately 
its original intensity before the application of heat; the 003 peak 
however, increases in intensity. These changes can be interpreted 
by examining the phase relationships in the mica structure. The 
first-order net amplitude is positive with respect to origin at the 
layer center, and the third order is negative. Abstraction of hy-
droxyl groups at this temperature should weaken both the first and 
third order (see Figure 7 below), except for the fact that the basal 
spacing increased during dehydroxylation (because of the slight ex-
pansion and rearrangement of the structure attending the loss of OH 
groups). The increase in spacing averages .17° 2 9 at about 8.85° 
2 9, This is approximately equal to a .20 ft (about 2%) increase in 
the c-axis periodicity of the mica unit cell. This .2 A increase 
occurs in the octahedral layer, and the resulting shift in the phase 
relationships within the anhydride lattice causes the third order to 
increase and the first order to decrease. 
The mica-anhydride is completely formed at around 600 C. 
and persists without change up to about 875° C. Here the structure 
begins to condense rapidly and both the 001 and 003 intensities de-
cline steeply to zero between 1000° and 1080° C., 003 usually per-
sisting to higher temperatures than 001. 
Immediately following or concomitant with the disintegra-
tion of the mica structure, spinel begins to form from the free 












Fig. 7. Phase Relationships in 10 A Minerals 
octahedral layers in the clay minerals and their anhydrides. 
Spinels have been observed in almost every run, indicating 
either that chlorite is present to some degree in all the sam-
ples, or that there is an appreciable amount of Mg+^ or Fe+2 
substituting for Al •* in the octahedral layers of the illites. 
The spinel phase shows its highest intensity (amount) in those 
samples saturated with exchangeable Mg+2, but not to the degree 
anticipated by the ion-exchange capacity of the clays. The fact 
that the amount of spinel developed in the untreated (natural) 
clays is nearly as great as that in the Mg-saturated samples in-
+ 2 dicates that Mg adsorbed naturally in exchange positions is an 
6zr~ 
important but not exclusive contributor to the spinel phase. The 
appearance of spinel in the samples whose exchange positions are 
saturated with other ions presupposes that Mg or Fe+2 also are 
present as substituting octahedral ions in the illites, or as con-
stutuents of a magnesian component. 
When the spinel phase first appears, its diffraction 
peaks are diffuse and exhibit maxima representing two different 
cube-edge parameters - those of Mg-rich and Fe-rich spinel. Be-
cause all the samples probably contain some percentage of iron 
oxides, the spinel's intensity maxima tend to move toward the 
greater (Fe) spacing with increasing temperature, reflecting a 
substitution of Fe for Mg in the spinel structures as the Fe20;3 
phase dissolves and is incorporated into the spinel lattice. The 
spinel usually persists to 1350° C, and sometimes exists even at 
the end of the run, which usually occurred between 1400° and 1450° 
Co Its gradual disappearance is due to fusion in the glass melt. 
The main phase developed in all the runs is mullite. It 
is the only phase, with the infrequent exception of spinel, whose 
diffraction peaks were of such an intensity that identification 
was positively made in all cases, A discussion of the mullite 
phase and its relationship to the starting material is attempted 
in a following section entitled "Mullite-Illite Relationships," 
The experimental work of Bradley and Grim (1951) sug-
gested to these authors that montmorillonite developed quartz at 
high temperatures if there is substantially no substitution in the 
tetrahedral sheet, and spinel if there is substantial substitution 
of Al+3 for Si ^ in tetrahedral positions. If we extend this rea-
soning to the micas, spinel alone should be expected to form from 
phlogopite, and gamma-AI2O3, which is essentially spinel minus the 
Mg+2, should develop from muscovite. This in fact i s the case 
(Roy, 1949) and therefore i l l i t e , which i s intermediate between 
micas and montmorillonite in the amount of t e t r ahed ra l s u b s t i t u -
t i o n , should probably develop both spinel ( i f s t ruc tu ra l Mg i s 
present) and quar tz . 
Beta-quartz i s developed in the majority of the samples, 
but i t s quant i ty i s never very g r ea t , except in three cases where 
i t i s assumed tha t the o r ig ina l sample contained some free quar tz . 
The X-ray pa t t e rns are not very clear in the range where the quartz 
i s developed (1000°-1200° C.) and the c r y s t a l l i n i t y of the quartz 
i s too poor, or the grain s ize too minute, to r e s u l t in de f in i t i ve 
pa t t e rns for i d e n t i f i c a t i o n . I t appears, however, that the be t a -
or high modification of quartz develops simultaneously with the 
spinel phase, both becoming apparent immediately upon the des t ruc -
t ion of the i l l i t e - a n h y d r i d e l a t t i c e . I t should be s ta ted here 
t ha t the spinel and quartz may poss ib ly have begun forming at a 
s l i g h t l y lower temperature than ind ica ted , as no phases other than 
the mica-anhydride were inves t iga ted below 1000° C. The presence 
of the i l l i t e basal peaks below t h i s temperature makes i d e n t i f i c a -
t ion of these phases d i f f i c u l t , i f not impossible, as the i l l i t e 
maxima occur a t almost the same spacings as the major spinel and 
quartz peaks, 
The exchangeable cation population of the clay mineral 
surfaces can be expected to have some effect on the high tempera-
ture phases t h a t develop. Table 12, page 100, wi l l indicate the 
general e f fec ts of several spec i f ic cat ions on the amount of mul-
l i t e phase found in the c lays . The effect of individual cations 
on the o ther important high temperature phases, namely quartz and 
sp ine l , w i l l be discussed below. 
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The Minford curves (Plate VI) show beta-quartz developed 
in every run. It usually originates around 1000 C, upon the de-
struction of the mica-anhydride lattice and does not persist over 
1300° C , usually disappearing around 1200° C, With Sn++ as the 
exchange cation, quartz has its longest range of crystallization 
(1000-1350° C ) , while Be++ and Mg seem to give the shortest 
range, about 100 C°, None of the cations produce high temperature 
quartz of greater intensity than 10 units in this clay. 
Spinel was formed in all the Minford runs. The great-
est amount (20 units) was developed with Mg as the exchange cat-
ion, the least amount (5 units) with Na+. The untreated natural 
sample also displayed a fair amount of spinel at high temperatures. 
The shortest ranges of spinel crystallization were found in the 
untreated, Mg (unoriented) and Sn clays. 
The Purington high-temperature curves (Plate VH) show 
quartz developed in every run except in the Na+ saturated clay. 
Quartz has its best development in the Li clay (11 units), in 
which it also had its longest existence (1000-1300° C ) . The 
potassium-treated clay surprisingly showed a fair amount of both 
quartz and spinel. The untreated Purington sample revealed the 
greatest amount of spinel (20 units), which is probably a reflec-
tion of its rather high content of exchangeable Mg (Table 5, 
page 40). Spinel was produced in all of the Purington samples, 
++ 
with the Mg sample showing the second-best intensity and the 
longest crystallization range. The calcium-treated clay showed 
rather weak development of all phases. 
The quartz phase was somewhat of an enigma in the Grun-
dite runs (Plate VJH) , Quartz showed a rather weak development of 
5-10 units in all the samples except those saturated with Li+ and 
67 
Mg , In these two runs, anomalous sharp peaks a t about 25.9° 2 0 
were observed ear ly in the heating schedule - t h i s peak spacing 
decreased to 25°6° 2 0 a t about 570° C. in the Mg clay and in -
creased in in tens i ty from i t s o r ig ina l 60 un i t s to about 80 un i t s 
a t i t s highest point (600° C ) , From here i t gradual ly decreased 
in in tens i ty to disappear a t 1150 C. In the Li clay, a similar 
peak of lower o r ig ina l in tens i ty (43 un i t s ) decreased t o 20 un i t s 
a t 200° C, and remained about tha t s t rong, decreasing a t higher 
temperatures to about 5 un i t s (over 1000 C ) . At 1160° C. i t s 
i n t ens i ty suddenly shot up to 20 un i t s again , and then the phase 
disappeared (1180° C ) , These two anomalous phases occurred only 
in s ing le runs of both of these samples and were not reproducible 
in check runs . For t h i s reason, and because they could not be 
i den t i f i ed , these curves were not labeled as any p a r t i c u l a r phase 
on the high temperature X4ray diagrams (Plate VHI). Quartz in the 
beryl l ium-treated sample had a rapid increase (to 10 un i t s ) and 
then decrease in in tens i ty (1000-1100° C ) , 
Spinel was formed in a l l the Grundite runs . The un-
t r ea t ed sample showed a f a i r development (11 un i t s ) over a ra ther 
long range (1000-1380° C ) . The bery l l ium- t rea ted sample actually 
exhibited the g rea tes t amount of s p i n e l , however (15 u n i t s ) . The 
Mg++ sa turated clay did not form any sp ine l u n t i l 1200° C , which 
was also the temperature of disappearance of the unident i f ied 
(possible quartz?) phase previously discussed. This sp ine l only 
amounted to 7 un i t s of in tens i ty and disappeared at 1350° C. 
The Jackson clay also had an anomalous phase develop-
ment in the NH/j.+ sample, with a sharp peak a t 25.6° 2 0 which in -
creased rapidly from 50 to 95 u n i t s of i n t ens i t y a t about 1450° C. 
I t disappeared immediately upon reaching t h i s maximum i n t e n s i t y . 
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This phase was considered spurious, as were similar developments 
in the Grundite Li and Mg samples, because it was not repro-
ducible in reruns (Plate XV). 
+ + 
The untreated, Li , and Na samples did not develop a 
quartz phase. The greatest amount of quartz appeared in the mag-
4*+ + 
nesium-saturated clay (17 units), the least in the Ca and K 
clays (4 units). 
Spinel was formed in every run except in the K clay. 
It attained an intensity of about 10-12 units in the untreated, 
NH,+, Mg++, and Li+ runs, but only rose to about 5 units in the 
Na and Ca++ clays. Its shortest duration was in the Mg run 
(1100-1300° C ) . 
The Fithian clay apparently formed quartz in all runs 
except the untreated sample, and possibly the sodium-saturated 
sample. By this latter statement, it is meant that the original 
run of the Na+ clay showed a peculiar development of a quartz-like 
phase that could not be reproduced in duplicate runs. It is not 
certain whether a true quartz phase was present in the K or Li 
treated samples either. If it was present in the potassium clay, 
this represented the latest quartz development in any of the sam-
ples - from 1270 to 1400° C. If the anomalous sodium-clay run is 
ignored, beta-quartz did not exceed 8 units in intensity in any 
Fithian sample (Plate XVI). 
Spinel suffered much the same fate as the quartz phase 
in the Fithian samples, but it at least made an appearance in all 
but the potassium-treated sample. The only runs in which it ex-
ceeded 7 units of intensity however, were the Mg and Ca clays, 
where it reached 14-15 units at the maximum. 
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All these runs point out some i n t e r e s t i n g , though not 
espec ia l ly surpr i s ing , f ac t s about the five c l ays . F i r s t of a l l , 
the ro le of the exchangeable, adsorbed ca t ions in the clays ' high-
temperature phases i s shown by the correspondence of the untreated 
runs with the run of whichever s a t u r a t i n g ion or ions happens t o 
be most abundantly adsorbed in the na tu ra l s t a t e . Thus, i f mag-
nesium i s shown by Table 5 (page 40) to compose a major port ion 
of the exchangeable cation populat ion adsorbed on the untreated 
clay, as in the Purington c lay , fo r example, then the phases de-
veloped in the magnesium-treated sample, e spec ia l ly spinel in 
t h i s case, wi l l be very similar to those found in the untreated 
clay. The l a t t e r ' s phases w i l l probably never exact ly match those 
of any speci f ic ca t ion-sa tu ra ted sample, because of the var ie ty 
of ions adsorbed on the clay in i t s na tura l s t a t e . 
The inh ib i t i ng e f fec ts of spec i f ic sa tura t ing cat ions 
on the quartz and sp ine l phases are somewhat s imilar to those ob-
served in the mull i te phase. Potassium seems to grea t ly i nh ib i t 
the formation of sp ine l , j u s t as i t did with mul l i t e , whereas i t s 
influence on the quartz phase i s n e g l i g i b l e . This ind ica tes t h a t 
the inh ib i t ing effect of the potassium ion a f fec t s mainly the oc-
tahedral ly-coordinated aluminum ion present in both mull i te and 
sp ine l s , preventing the alumina octahedra of the i l l i t e anhydride 
s t ruc ture from reor ien t ing themselves to form new phases. 
+ + + + 
Li £ Na >> Ca , in the approximate order of t h e i r 
effect iveness in most of the clay samples, also act as i n h i b i t o r s 
of spinel phase formation. In the Jackson samples, however, t h i s 
order i s j u s t reversed, Ca++ ac t ing as the most repressive of the 
three ca t ions , and Li as the l e a s t . 
The spec i f ic sa tu ra t ing cations do not seem to af fect 
the be ta-quar tz phase in any consis tent manner. Sodium does ap-
pear t o have the g r e a t e s t repressive act ion on quartz formation 
though, as the Jackson and Purington sodium-clays have no quartz 
phase at a l l ; Fi thian l ikewise has no leg i t imate be ta -quar tz de-
velopment, ignoring the spurious phase occurring in one run, and 
the Minford and Grundite quartz developments are very weak. 
Regarding the act ion of various cations on the be ta -
quartz phase, inspect ion of Kulbicki ' s curves (Plates I I I - V ) 
of montmoril lonites t r e a t e d with various ionic solut ions and then 
heated revea l s t ha t sodium represses quartz grea t ly in t h i s type 
of clay too . The large expressive effect of l i thium shown with 
the montmoril lonites i s not repeated in the i l l i t e s , however. 
In addit ion to the major high-temperature phases mul-
l i t e and sp ine l , a number of other minor phases developed in the 
samples when they were heated above 1000° C. These phases are 
general ly of l i t t l e consequence and t h e i r presence is probably 
determined by the ove r - a l l composition of the melt at t h e i r crys-
t a l l i z a t i o n temperatures . Therefore, the same minor phases should 
not be found in runs of different c lays , or even poss ibly in runs 
of the same clay with d i f ferent exchangeable cation populat ions . 
None of the minor phases a t ta ined any great magnitude in any run, 
nor was any one phase un iversa l ly present in a l l of the runs. 
Most of these minor phases have t h e i r most intense and diagnostic 
peaks occurring in the v i c i n i t y of strong peaks belonging to the 
major phases and platinum (from the s l i d e s ) . Because of t h i s 
in te r fe rence and the small amounts of the minor phases developed, 
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contains these tentative minor phases not included in the high-
temperature phase development diagrams (Plates IV to X). 
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Corundum can sometimes be iden t i f i ed as a product of the 
breakdown of the i l l i t e - a n h y d r i d e ; in these cases i t usua l ly oc-
curs with beta-quartz in the range 1000-1150° C. I t also has been 
iden t i f i ed at higher temperatures, in the 1200-1400° C. range. 
The amount present a t any of these temperatures i s never very 
g rea t . 
Gamma-alumina was never pos i t i ve ly i den t i f i ed over a 
range of temperatures in any sample because i t s most intense and 
diagnost ic peaks occur at low d-spacings beyond the d i f f rac t ion 
range of the high-temperature furnace used ( the furnace records 
d i f f rac t ion only out to about 52° 2 0 ) . I t was t e n t a t i v e l y iden-
t i f i e d at various temperatures in some samples, being espec ia l ly 
conspicuous in the Fithian samples; again i t s i n t e n s i t y i s never 
very great in any run. 
Feldspar was a commonly occurring high-temperature phase; 
i t usual ly appeared between IO5O0 C. and 1100° C. and melted into 
the glass a t about 1300° C. Occasionally i t was observed to pe r -
s i s t u n t i l the end of the run - somewhat over 1400° C. The com-
posi t ion of the feldspar in any run could not be determined and 
i t s peaks were weak and diffuse, with the spacings occasionally 
varying s l i g h t l y throughout the run. I t i s reasonable to assume 
that the over -a l l composition of the feldspar was sodic ( a l b i t i c ) 
in the Na-saturated samples, ca lc ic ( ano r th i t i c ) in the Ca-
saturated samples, and a mixture of the two ( l ab rador i t i c ) in the 
na tura l unexchanged samples. 
A fe l spa tho id- l ike phase was observed in several runs in 
the lower range of feldspar c r y s t a l l i z a t i o n temperatures. I t was 
t e n t a t i v e l y ident i f ied as k a l s i l i t e (ASTM Card F i l e #3-0540), 
— % 
which i s an a r t i f i c i a l compound having a composition (AI2O3 ° K^o ' 
2S1O2), near tha t of l e u c i t e I K Al(Si03)2j and or thoclase sanidine, 
(K,Na) Al Si30g]. 
F o r s t e r i t e [2(Mg l oo~0.ao
FeO.O-0.20) 0 • SiOgJ was a lso 
t e n t a t i v e l y i den t i f i ed in most of the runs , but in very small 
q u a n t i t i e s . I t s iron and magnesium content i s probably va r i ab le 
throughout the runs, so the r e l a t i v e i n t e n s i t i e s and spacings of 
the high-temperature phase should not be expected to remain con-
s t a n t . The f o r s t e r i t e phase was undoubtedly developed from the 
c h l o r i t i c component of the c lays . 
Cordier i te i s c h a r a c t e r i s t i c a l l y present in the high-
temperature phase of many of the runs showing tha t Mg i s s t r u c -
t u r a l l y present . I t u sua l ly does not appear u n t i l a r a t he r high 
temperature has been reached, on the o rde r of 1250-1300° C., and 
then commonly p e r s i s t s up through 1400° C. I t has been identified 
in a l l the Fithian runs and f requent ly occurs in the Jackson and 
Purington high-temperature phases. 
A common component of these samples a t temperatures 
above 1000° C» i s a l pha - Fe203„ except in the Grundite samples 
where none was observed. The iron oxide u sua l ly appears soon 
a f t e r des t ruc t ion of the clay-anhydride l a t t i c e , and fuses in to 
the melt before 13 50° C. 
A very i n t e r e s t i n g fea tu re of these i l l i t i c samples i s 
t ha t b e t a - c r i s t o b a l i t e was never p o s i t i v e l y i den t i f i ed in any 
run, ind ica t ing that no invers ion of the synthesized quartz takes 
place within the temperature range i n v e s t i g a t e d . This i s in d i -
r ec t cont ras t to the quar tz phase developed by f i r i n g montmoril-
l o n i t e s , which show grea t development of b e t a - c r i s t o b a l i t e in 
most runs [Kulbicki , (1958); see P la tes I I I through V any 
7T 
cristobalite developed in the illitic clays is therefore probably 
derived from montmorillonitic impurities. The presence or absence 
of cristobalite at high temperatures thus seems to be a reliable 
criterion for distinguishing between illite (mica) and montmoril-
lonite . 
The reasons for the lack of cristobalite development in 
illite high-temperature phases are probably twofold. One, illites 
contain less silica than do montmorillonite, due to the substitu-
tion of Al -> for Si ^ in the tetrahedral layer. This lesser amount 
of available silica,, combined with the interference effect of the 
aluminum ions in silica positions, results in the formation of 
much less quartz (potential cristobalite) from illite than would 
be possible from montmorillonite, which does not exhibit this 
great a degree of tetrahedral substitution. Secondly, the pres-
ence of potassium tends to repress the formation of high-tempera-
ture phases, even when it is only an exchange cation, as with 
montmorillonite (Plate V, K Cheto montmorillonite; from Grim and 
Kulbicki, 1957)° In illites, either potassium or sodium (also a 
repressive ion) is the balancing interlayer cation.. In addition 
to chemically repressing phase formation, potassium structurally 
inhibits the inversion of silica (quartz) to beta-cristobalite by 
holding two neighboring tetrahedral layers in close conjunction 
and thereby preventing their articulation to the cristobalite con-
figuration. The large size of the potassium ion and its near-
perfect fit into the openings of the tetrahedral hexagonal nets 
are further factors conducive to repression of the cristobalite 
crystallization. 
Since quartz does appear as a high-temperature phase in 
illites, it is thought to have originated from the degraded-illite 
7^ 
mixed l aye r s , where the concentrat ion of potassium i s low. The po-
tassium probably becomes more evenly d i s t r i bu t ed at higher tempera-
t u r e s , however, and represses any inversion of the quartz phases or 
d i rec t c r y s t a l l i z a t i o n of c r i s t o b a l i t e . 
Because of the small amount of clay sedimented on the 
s l ides used in the high-temperature furnace, platinum l i n e s of high 
in tens i ty are observed in the d i f f rac t ion p a t t e r n s . The two s t rong-
es t peaks are a t d = 2.265 and 1.962 respec t ive ly , but the r e l a t i v e 
i n t e n s i t i e s of these two peaks vary from s l ide to s l i d e , depending 
on the o r i en ta t ion of the p a r t i c u l a r platinum c rys t a l s in the X-ray 
beam. Subsidiary d i f f r ac t ion peaks a t about d = 2.54 and 2.20 var-
ied propor t ional ly with the main Pt peaks mentioned above, so they 
were assumed to be K-beta platinum r e f l ec t i ons tha t were not f i l tered 
out due to the s t rength of t h e i r corresponding K-alpha r e f l e c t i o n s . 
The pos i t ions of the main K-alpha and K-beta peaks of platinum are 
unfortunately located , a s several other phases occurring in the sam-
p le s , such as m u l l i t e , be t a -qua r t z , f o r s t e r i t e , alpha-Fe203, gamma-
AI2O3, b e t a - c r i s t o b a l i t e and sp ine l , have strong diagnostic r e f l e c -
t ions that occur a t or near these d-spacings. 
Increases in l a t t i c e constants a t elevated temperatures 
are observable in the Pt as well as many of the other phases devel-
oping from the c lays . Almost a l l X-ray d i f f rac t ion da ta , such as are 
contained in the ASTM card f i l e s , have been recorded on mate r ia l s a t 
room temperatures. X-ray data taken at high temperatures, using 
high-temperature cameras or diffractometer equipment such as was used 
in t h i s t h e s i s , are lack ing . Accurate i n t e rp re t a t i ons of high-
temperature phases cannot be accomplished u n t i l t h i s sor t of informa-
t ion has been obtained at temperatures over 1000° C. 
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MULLITE-ILLITE RELATIONSHIPS. As was stated earlier, mullite is 
the most pronounced and abundant phase produced in the samples at 
high temperatures. In order to better understand the development 
of the mullite phase from an illitic starting material, it is nec-
essary that some attention be given to the structural relations be-
tween the two minerals. 
Mullite is closely related to the orthosilicate silliman-
ite; in fact, the X-ray diagrams of these two minerals are almost 
identical. Although the structures of these minerals appear to be 
similar, their compositions are definitely different. The composi-
tion of sillimanite is Al2Si05 or AI2O3 ° Si02, whereas the composi-
tion of mullite is more nearly represented by AI5S12O13 or 3 AI2O3 ° 
2 SiC>2. Various schemes have been proposed for reconciling the 
structural similarity of these two minerals with their dissimilarity 
of compositions. Bragg (1937) includes some of the following propos-
als in his discussion of mullite. According to Bragg, the workers 
Wyckoff, Greig, and Bowen (1926) have shown that the density of mul-
lite and its cell dimensions indicate that the unit cell contains 
AlcjSî Oio, 1/2» which corresponds closely to the content of the sil-
limanite cell AlgSi/jĈ Oo If °ne Si atom per unit cell is replaced 
by one Al, one one 0 out of every forty is withdrawn from the silli-
manite structure, the resulting structure satisfies the mullite for-
mula. Taylor (1929) agrees with this explanation; he also has ob-
served faint spots on the mullite rotation patterns which are not 
found on corresponding sillimanite patterns. From these he concludes 
that the unit cell dimensions of mullite along the a and b parameters 
are greater than those of sillimanite, perhaps by a factor of two. 
However, recent evidence from petrology indicates that oxygen frame-
works are very difficultly mobilized. Westgren suggests that the unit 
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cell of mullite contains Al36Sii30go as compared with Al32Sii60go 
for sillimanite„ This formula gives the correct number of oxygen 
atoms for a complete framework, but a place must be found for an 
additional Al atom, since there are 49 Si and Al atoms compared with 
48 in a corresponding sillimanite cell. Another possibility ad-
vanced by Bragg is that the mullite formula contains some hydrogen, 
being for instance HAl9Si302O 
Whatever the interpretation that one accepts, the X-ray 
evidence indicates that the difference between the sillimanite and 
mullite structures is negligible, and since the structure of the 
former is known, that of the latter is available also. Sons of the 
following remarks on the structure of mullite are taken from Johns 
(1953). 
The structure of mullite consists of chains of edge-sharing 
Al-0 octahedral groups parallel to the C-axis. These chains are 
cross-linked laterally by Si and Al ions coordinated tetrahedrally; 
also, each Al in a chain is coplanar (in the ab plane) with an Al 
counterpart in the other chains. 
Johns points out that the major change accompanying the 
mullitization of kaolinite involves minor redistribution of octahe-
drally coordinated oxygen ions in the alumina coordination chains. 
Such redistribution results from the transformation of chains com-
posed of octahedral units sharing pairs of coordination faces (meta-
kaolin) to chains of edge-sharing octahedra (mullite). Pauling 
(194a) states that the presence of shared faces instead of edges in 
a coordinated structure (such as the clay mineral anhydrides) lowers 
its stability due to the increased cation-cation coulombic repulsion. 
The sudden transition from the face-sharing octahedra of the clay 
mineral anhydrides to the edge-sharing octahedra similar to the 
§5 I 
mullite or spinel structures must release a good deal of crystal en-
ergy - this energy expulsion is thought to be represented by the exo-
thermic reaction peak at about 1000° C. characteristically present 
in the DTA diagrams of many of the layered clay minerals. The anhy-
dride of the micas (illites) differs from that of kaolinite in that 
it has a definite structure not too dissimilar from that of its hy-
dride. Metakaolin is an amorphous (to X-rays) compound, which never-
theless probably possesses some residual structure. Comeforo, 
Fischer, and Bradley (1946) conceive of the metakaolin "structure" 
as consisting of "coordinated strings of alumina octahedra, with onl;; 
some buckling of the silica layer to provide the additional oxygen 
necessary to complete the arrangement." Since the mica-anhydride 
possesses a definite crystalline structure capable of diffracting 
X-rays, the phases formed upon its destruction around 1000° C. shoulc. 
not be expected to be exactly similar in nature to those resulting 
from condensation of metakaolin at this temperature. The structural 
units in metakaolin are less interdependent and more susceptible to 
reorganization, since the structure is already partially deranged. 
On the other hand, the degree of organization of the mica-anhydride 
units is directly related to the clay's original crystallinity, and 
always exhibits some degree of structural regularity. In addition, 
there exists the inherent structural and compositional differences 
between the two- and three-layer schemes which reduce the likelihood 
of similar phases evolving upon structural collapse at about 1000° C. 
Grim and Bradley (1940) proposed an explanation of the 
persistence of the mica-type structure on dehydroxylation. The ide-
alized rearrangement of the octahedral layer (Figure a below) repre-
sents merely the lifting of the adjacent oxygen layers out of the 
packed position. Because of the apparent loss of hexagonal symmetry 
w 
a 0 
Fig. a. Probable Rearrangement of the Octahedral Layer 
of Mica Anhydride. The schematic sketches represent 
the arrangement within an octahedral layer before and 
after dehydroxylation, after Bradley and Grim (1940). 
in this arrangement, Yoder and Eugster (195 5) do not consider it a 
likely solution. 
No matter what the actual arrangement of the octahedral 
layer in the mica-anhydride structure, it must contain l/6 less oxy-
gen atoms and none of the hydrogen of the corresponding hydride due 
to the loss of one H2O molecule per octahedron; in addition, the con-
figuration of the tetrahedral oxygen network should remain unaffected. 
Bradley and Grim's structure seems to fulfill these prerequisitesj 
and therefore may be tentatively accepted as a true representation 
of the mica-anhydride structure. 
John (1953), Glass (1954)1 and others recognized the im-
portance of structural inheritance in the formation of initial phases 
from the destruction of metakaolin. The former author has lucidly 
explained the mechanics and geometry of the transition from meta-
kaolin to mullite, relating the order of the parent kaolinite di-
rectly to the extent to which mullitization proceeds at the nuclea-
tion temperature. He also pointed out that the crystallinity of the 
I aa 
mullite formed was directly related to the crystallinity of the 
original kaolinite. Johns concluded that only nb0/3 translations 
in kaolinites can result in preservation of the relative configu-
ration of the oxygen networks in successive kaolinite layers, a 
prerequisite for structural inheritance in formation of the high-
temperature mullite phase. These translations preserved the general 
parallel orientation of the larger structural units (the chains of 
alumina octahedra) but disrupt the 3-d alignment of individual 
octahedra in adjacent kaolinite layers. 
Halloysite exhibits random a and b translations, which 
result in the non-parallel alignment of octahedral chains from 
layer to layer, with the ultimate disruption of the oxygen configu-
ration necessary for mullite. 
Even as one kaolinite layer is not sufficient for fulfill-
ing the mullite crystallization, so a single mica layer cannot form 
the mullite structure. Therefore, the ability to crystallize di-
rectly to mullite upon disintegration of the anhydride structure is 
contingent upon the relative orientation of neighboring layers. If 
these layers, in direct proximity above and below an intermediate 
layer, are not so oriented that their chains of alumina octahedra 
parallel corresponding chains in the median layer, condensation will 
not easily result in a mullite configuration. Thus, disordered 
structures, such as the 1 Md mica polymorph observed to be present 
in rather large amounts in all the samples judging by the attenua-
tion of the hkl reflections in the X-ray powder diagrams, are not 
conducive to direct mullite crystallization from the mica anhydride. 
Glide translations of nb/3 magnitude can take place in the 
stacking of kaolinite layers because of the unique arrangement of the 
surficial OH groups. Since the octahedral layer of kaolinite has on!) 
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0 ot OOA. Q OH ot 431 A 
0 ot 2.I9A. y : OH at 2.19 A. 
• SI ot 0.60A • Al ot 3 25A. 
Fig. 9. Possible Configurations of the Octahedral Level of 
Kaolinite. The three structures are shown in (a), (b) and (c). 
2/3 of its cationic positions filled with Al coordination octahedra 
(it is dioctahedral), there are three possible orientations, folJow-
ing n b/3 shifts, that .will result in different alignments of alumina 
octahedra- chains in adjacent layers. As Figures 9 and 10 (from 
Johns, 1953) indicate, any n b/3 translation will result in l/2 of 
the alumina octahedra in adjacent layers- losing their mutual paral-
lel alignment. Because this stagger or ^lide translation takes 
place between layers in kaolinite, it does not affect the orientation 
of the constituent ions of any layer, and therefore polymorphism does 
not result. In micas and other similar 3-layer clay minerals, how-
ever, layer stagger occurs within unit layers, and polymorphism is 
the result of such translations (Figure 11). 
£ 
90" 
(a; (b) \o 
Fig. 10. n b/3 Translations in Kaolinite. (a) Co-ordination 
in the octahedral level of kaolinite; (b) following b/3; (c) 
following 2b/3 translations. After Johns (1953). 
All ions in the mica structure are in parallel pseudo-
hexagonal arrays. Polymorphism in the micas, then, occurs because 
the atomic arrangement in the sub-cell has monoclinic symmetry, where-
as the symmetry of the surface of the sub-celJ is hexagonal or pseudo-
hexagonal. Rotation of a sub-cell by 60° does not affect the packing 
of the surfaces, but does affect the position of the sub-cell with 
respect to adjacent layers. The n b/3 translations that may exist 
in the kaolinite stacking scheme aloo are present in micas. Due to 
tiie pseudo-hexagonal arrangement of both the upper and lower basal 
surfaces, sub-cell rotations of 60° are also possible and combina-
tions of multiples of this angle lead to six simples ways of stacking 
mica layers in.an ordered manner (Figure 12). In the nomenclature 
used here, the first symbol gives the number of layers in the repeat 
unit and the second gives the symmetry. Of the six simple polymorphs, 
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Fig. 12. The Six Simple Stacking Arrangements in Mica. 
The arrows are i n t e r l a y e r stacking vec to r s . The space 
group and l a t t i c e parameters are l i s t e d by the s ides of 
the diagrams. The base of the uni t c e l l i s out l ined by 
t h i n l i n e s . After Smith and Yoder (1956). 
The other four forms (IM, 2M-j_, 2M2, and 3T), and t h e i r disordered 
polymorphs, do occur n a t u r a l l y . The 2M2 polymorph i s found only in 
I 93 1 
the lepidolite group, so that the most common natural mica polymorphsj 
are IM (and lMd), 2Mls and 3T (Smith and Yoder, 1956). 
The three commonly-occurring ordered mica polymorphs (IM, 
2M]_, and 3T) have stacking arrangements made up of 120 rotations of 
the unit layers, much as the n b/3 translations in kaolinite. There-
fore, it would be expected that the tendency toward mullite condensa-
tion from the anhydride is dependent on the magnitude of these trans-
lations in micas also. The IM polymorph should provide the best 3-d 
alignment of parallel chains of alumina octahedra in adjacent layers, 
since it is stacked with a 0° rotation angle between successive lay-
ers (in the well-ordered version). As disordering and its attendant 
stacking faults increase in a IM polymorph however, the propensity 
for direct crystallization to the mullite scheme decreases. There-
fore, the amount of mullite produced by structural inheritance from 
the common anhydride polymorphs of the dioctahedral micas should fol-
low the series: IM = 20 > 2M]_ = 2M2>3T> 6H >lMd. 
According to the data in Table 1, page 16, all five of the 
clays contain some 1 Md polymorphs, as well as a mixture of IM and 
2M^ polymorphs. The 2Mi polymorph predominates over the IM polymorph 
in all the clays except Fithian, m which the proportion of IM is 
greater than that of 2M}_. If structural inheritance were an impor-
tant factor in the amount of mullite produced from illites, then the 
Fithian clay should give the greatest amount, because of its higher 
proportion of IM polymorph. However, in micas and illites the amount 
of potassium present in the structure represses any tendency for mul-
lite to form directly by condensation from the mica anhydride. Thus 
the Fithian clay, which has a large amount of adsorbed K as well as 
its structural compliment of K , produces even less mullite at high 
temperatures than the other clays. None of the clays seem to produce 
— 
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any structurally inherited mullite, except when Be++ and Sn are 
the adsorbed exchange cations. These two cations seem to negate the 
repressive effect of the potassium ion in some unknown manner, and 
allow the factor of structure inheritance to become prominent in 
mullite evolution. 
A sample of pure, well-crystallized IM muscovite thus seems 
to be the most likely candidate to provide the conditions in its an-
hydride for direct condensation to mullite. The rather minor amount 
of this polymorph present in the samples analyzed, however, is prob-
ably intimately interlayered with other specific crystallization 
schemes, such as chlorite and montmorillonite, whose octahedral lay-
ers would be only coincidentally oriented parallel to those of the as-
sociated intermixed illite layers. If this situation, plus the re-
pressive effect of the potassium ion, is not enough to discourage the 
direct crystallization of mullite from a mica anhydride, the exist-
ence of too much silica may well provide the final argument. Well-
ordered kaolinite, being composed of alternate silica tetrahedral 
and alumina octahedral layers - the latter with parallel orientation 
of its component strings of octahedra in adjacent unit layers- finds 
itself very much in a position to condense directly into the mullite 
configuration. The mullite will contain these coordinated strings 
of alumina octahedra extending along the center and corners of its 
unit cell. These strings are crosslinked by tetrahedrally coordi-
nated silica and aluminum ions, which are conveniently provided by 
the silica tetrahedral sheets of the metakaolin. The mica-anhydride, 
however, will have to contend with one silica layer too many when-
ever the condensation of two anhydride unit layers is attempted and 
thus be unable to crystallize mullite directly, unless the tetrahe-
dral layer can be broken down prior to mullite crystallization,. 
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An a l t e rna t ive to entering in to the mull i te c r y s t a l l i z a t i o n 
i s offered to contiguous s i l i c a te t rahedra l l ayers on extended clay-
mineral surfaces - they may be su i tab ly a r t i cu l a t ed to form quartz, 
as in Figure 13 below (from Bradley and Grim, 1951)> leaving the oc-
tahedral alumina free to form alpha-Al203, gamma-Al203 or sp ine l . 
The phases beta-quar tz , spinel and gamma-Al203 have been observed in 
Fig. 13. Ar t icula t ion of Clay Mineral Tetrahedral Layers 
to Form Quartz, (a) a clay surface; (b) two 
d is tor ted arrangements of these surfaces; (c) a 
superposit ion of the two l eve l s of (b) . 
the X-ray spectrum of almost a l l t he samples analyzed immediately 
following the breakdown of the anhydride s t r u c t u r e . No structural ly 
inher i t ed mu l l i t e , which should form immediately upon col lapse of 
the mica-anhydride ("primary mul l i t e" of Glass, 1954), has been ob-
served in the runs, with the poss ible exception of the Be++ and Sn""" 
sa tura ted samples. These instances wi l l be discussed fur ther in the 
following sec t ion . 
Although mul l i te cannot form d i r e c t l y from the mica-anhydricfe 
through the mechanism of s t ruc tu ra l inher i tance , i t does begin to 
c r y s t a l l i z e at higher temperatures and becomes the major phase in 
these samples above 1250° C. This c r y s t a l l i z a t i o n i s a consequence 
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of the total composition of the melt, and is in no way dependent upon 
the structure of the starting material. Glass (1954) refers to a 
second generation of mullite from kaolinite at about this tempera-
ture as "secondary mullite." 
RESULTS. Rapid heating (about 20° C, per minute), such as is ac-
complished in the DTXRD method, results in the following general 
scheme (Figure 14) of phase changes in the illitic samples studied: 
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Fig. 14. Phase Changes in I l l i t i c Samples 
The phases developed above 1000° C. probably do not r e su l t 
from direct, s t ruc tu ra l inher i tance of the mica-anhydride s t ruc tu re , 
except possibly for the quartz phase. I t should be noted tha t t h i s 
phase does not inver t to c r i s t o b a l i t e during i t s exis tence , nor i s 
c r i s t o b a l i t e ever observed forming in any sample within the tempera-
ture range s tudied. This i s in d i r e c t contrast with the high-tem-
perature phases of montmorillonite (Pla tes I I I through V), I t was 
s ta ted in the previous section t h a t usual ly no "primary" mull i te 
phase formed d i r e c t l y from the condensation of the mica-anhydride 
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structure. The samples of Minford and Grundite saturated with Be++ 
and Sn++, however, seem to have anomalous mullite phase developments. 
The Minford and Grundite samples which had been Be++-exchanged show 
the mullite phase originating at a much lower temperature than in 
other runs; in fact, the mullite seems to begin developing almost im-
mediately upon destruction of the anhydride lattice at 1000° C. The 
runs made on these two clays saturated with Sn++indicate either mul-
lite developing idrectly from the anhydride, or perpetuation of the 
anhydride lattice by Sn++, with gradual rearrangement into the mul-
lite configuration. 
The anomalous mullite development and high intensities of 
high-temperature phases formed in clays cation-saturated with beryl-
lium and tin are excellent examples of the large catalytic effect ob-
tained from the addition of minute amounts of certain elements. The 
catalytic effect of the alkaline and alkaline-earth metals increases 
in the order K< Na< Li <Ca<Mg< Be, with decreasing size and increas-
ing electrostatic charge density (ionic potential). Tin has a high 
ionic potential, probably corresponding to that of beryllium, due to 
its rather small size combined with a high valence value (+4)° It 
seems that catalytic activity of these metallic cations can be di-
rectly correlated with their ionic potential. 
The unheated clays containing Sn++ in exchange positions 
failed to orient to any great degree on the slides, so this unori-
ented state was suspect as the cause of the mullite development di-
rectly from the anhydride phase, as well as the relatively greater 
intensity (amount) of the mullite phase developed. To test this the-
ory, mechanically unoriented slides of selected samples were prepared; 
these gave runs almost exactly similar to the oriented slides in 
phases formed, their intensities, and the temperatures of formation 
(over 1000 C. ) . In f a c t , i f anything, the mul l i te phase was l e s s 
in tense in the purposely unoriented samples. Therefore, i t was con-
cluded tha t o r i en ta t ion on the s l i d e has l i t t l e effect on the forma-
t i o n of high-temperature phases. The o r i en t a t i on of clay mineral 
u n i t - l a y e r s within aggregates i s much more i n f l u e n t i a l in determin-
ing the amount and temperature of the mul l i t e phase i n i t i a t i o n . 
One unusual fea ture of these runs i s t ha t the major millite 
peaks a r e not of the same r e l a t i v e in t ens i ty r a t i o in every s l i d e . 
The or ien ted samples of a l l the c l ays , except Grundite and the Be++ 
and Sn- samples, produce a m u l l i t e whose f i r s t major peak (d= 5«4A, 
see Table 11) i s of g rea te r i n t e n s i t y j u s t before fusion (at about 
1400° Co) than is the second major peak (or peaks, when a doublet i s 
present ) occurring at d = 3° 4° The second major peak has a g r e a t e r 
i n t e n s i t y than the f i r s t (d = 3 . 4 > d = 5.4) in a l l of the Grundite 
samples, regard less of the s a tu ra t i ng cat ion, and in the Minford sam-
p les whose exchangeable ca t ions have been replaced by Be++ and Sn + + . 
A s imi lar type of phenomenon has been observed with the 
o 
major m u l l i t e peak occurring a t d = 3°4 A. In some c lays , with ce r -
o 
t a i n exchange ca t ions , t h i s peak i s a doublet with d = 3-4 A and 
3.3S A (°20 = 26.1 and 26.4 r e s p e c t i v e l y ) . This type of pa t t e rn i s 
represented by a syn the t ic mu l l i t e l i s t e d in the ASTM card f i l e , 
#6-025&o I n the same clay with o ther sa tu ra t ing cat ions , or in other 
clays with s imilar ca t ions , there e x i s t s only a s o l i t a r y peak in this 
region, usual ly at about d = 3«4° The Minford and Grundite c lays 
sa tu ra ted with Sn++ produce a mu l l i t e pa t t e rn having only a s ing le 
peak in the d= 3.4 A region and having a r e l a t i v e l y suppressed d= 5«4A 
peak. The explanation of these c rys ta l lographic va r i a t i ons in the 
mul l i te formed by the various c lays and sa tu ra t ing cat ions i s beyond 
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A qualitative appraisal of the effect of specific cation 
saturation on these clays must include three points of comparison: 
(1) the effect of the various cations on the amount of the mullite 
phase produced at high temperatures; (2) the effect of the saturat-
ing cation on the temperatures of dehydroxylation and anhydride col-
lapse; and (3) the effect of the specific cations on the orientation 
properties of the clays on slides. These three points have been ex-
plored and the results are contained in Table 12 below. 
TABLE 12. EFFECT OF SPECIFIC CATIONS ON PHASE DEVELOPMENT 
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Column (1) in Table 12 above indicates the relative de-
lch preferred basal-plane orientation of the cation-satu-
s was accomplished on the platinum slides after heating 
0° C. When these same clays were sedimented onto glass 
air dried (Appendix A), the series representing decreas-
s of preferred (basal) orientation was Li+ ca Na+ a NH/j.+> 
+? +? "r2 =r Ca c > Be * > Sn . After heating the platinum slides 
50° C. to drive out the interstitial (free) water, however, 
saturated with alkaline-earth cations showed more intense 
n from the basal (001) illite peak than did the monovalent 
— » — i i i i I i i 1 1 1 r 1 . . . . .1 . . I I . . . , i ,i , _ 
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cation saturated clays. The Be and Sn treated clays had the 
l ea s t r e l a t i v e degrees of orientation on both the glass air-dried 
and platinum heated s l ides . 
The divalent cations seem to give a lesser degree of basal 
plane or ienta t ion on the air-dried slides because of a greater amount 
of famil ial mixed layering formed in the clays with these par t icular 
cat ions . Thus, even though the 001 i l l i t e peaks seem to be l ess i n -
tense in these samples than those in the monovalent samples (on the 
glass s l i d e s ) , the to ta l basal diffraction, including that from the 
mixed-layering as well, i s probably about the same. When the p l a t i -
num s l ides saturated with these divalent cations were heated above 
100° Co and the water participating in this familial mixed-layering 
consequently driven off, the i l l i t e basal (001) spacing was revealed 
as being as intense or more so than similarly heated, monovalent-
saturated s l ides of these clays. Traditionally, the monovalent cat° 
ions are reported to produce the most dispersed suspensions of clay 
minerals, and therefore i t i s assumed that they also produce the 
greates t degree of preferred basal orientation upon sedimentation. 
I t seems however, that this is only s t r i c t ly true in air-dried sam-
ples when the basal 001 peak of a particular non-expanding clay min-
era l i s considered. Apparently the floccules formed with divalent 
cations contain fair ly well-oriented but mixed-layered p la te le t s . 
These collapse to form very well-oriented part icles upon the expul-
sion of i n t e r s t i t i a l water. These collapsed floccules more nearly 
resemble large single crystals of clay minerals and consequently pro= 
vide s l i gh t ly greater X-ray scattering from the basal planes. The 
large floccules might have a slightly better preferred orientation 
af te r sedimentation, because they are less affected by Brownian mo-
t ion than are highly dispersed, monovalently saturated clay minerals^ 
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The stannous ion does not behave as do the other divalent 
ca t ions in respect to or ientat ion effects . The very low re la t ive 
degree of o r i en ta t ion with the t in ion on both types of s l ides i s 
probably due t o some of the cations being in the stannic condition 
(Sn+M. The high charge concentration would resu l t in very rapid 
f loccu la t ion , in fact too rapid for any great degree of preferred 
o r i en t a t i on of the f loes to occur. The floes would l i t e r a l l y "pile 
up" in almost random orientat ion on the slide surface. This great 
f loccu la t ing a b i l i t y of the stannous ion is used by the petroleum 
indus t ry in o i l well completions - stannous chloride is used to 
"clean up" (f locculate) the dr i l l ing mud and formation clays in a 
pay zone being completed. 
The temperature of in i t i a t ion of dehydroxylation does not 
seem to be in any way dependent on the exchange cation. This i s to 
be expected since the hydroxyl groups occur within the s tructural 
l a t t i c e assoc ia ted with the octahedral layer, while the exchange 
ca t ions are adsorbed on the surfaces of the clay minerals. The tem-
pera ture of the anhydride collapse, on the other hand, seems to de-
pend somewhat on the nature of the adsorbed cation. The cations of 
r e l a t i v e l y la rge ionic radius (K+, NĤ  , Mg+2, Na+) f i t into the 
s t r u c t u r a l "holes" be t t e r than those of small radius and appear to 
hold the l aye r s together s l igh t ly longer; i . e . , require the expend-
i t u r e of more thermal energy to disrupt the s t ructure . The Ca+2 
ion does not lend i t s e l f to t h i s explanation, however, being a large 
ca t ion and yet allowing collapse to occur at a lower temperature. 
The amount of mullite formed with each of the saturating 
cat ions has been discussed ea r l i e r , and was interpreted as being a 
function of the ca t a ly t i c (expressive or repressive) effect of the 
ion at high temperature. 
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FOURIER TRANSFORMS 
DISCUSSION. Evidence from the previously described lines of inves-
tigation leads one to believe that the low angle skewness of the 
illite basal (001) scattering maximum is partially a genuine effect, 
best explained as an interstratification of illite layers (10 A) 
o 
with layers of greater-than-10 A c-axis periodicities. However, 
neither the actual nature of these mixed layers nor the value of 
the mixing function has been established as yet. A useful tool now 
exists for identifying the nature of these mixed layers and the type 
of mixing which occurs in the clays; this tool is the method of 
Fourier transforms proposed by MacEwan (1953, 1955, 1956). 
The fundamental calculations for interpreting X-ray dif-
fraction from partially-ordered layer lattices were published by 
Hendricks and Teller (1942). Their formulae were capable of pre-
dicting the diffraction from one single designated intermixture of 
lamellar minerals at a time; however, it is almost impossible by 
this method to provide a set of curves illustrating all the varia-
tions likely to occur in actual minerals. For this reason, a di-
rect method based on Fourier transforms has been developed by Mac-
Ewan (1956). The general problem solvable by the method is the 
determination of the manner of distribution of interlayer spacings 
in the material under consideration, and secondarily, the relative 
proportions of these spacings. 
The Fourier transform method is closely analogous to the 
technique for determining the radial distribution in a liquid (James, 
0.948, p. 464) except that it is a cosine, and not a sine transform. 
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I t also involves the measured i n t e n s i t i e s d i r e c t l y , not t h e i r "com-
plements," and gives a maximum v a l u e at the or igin ins tead of a 
zero value. This function i s t h u s somewhat analogous to a P a t t e r -
son ser ies with non- ra t iona l c o o r d i n a t e s ( i . e . , with no d e f i n i t e 
unit cel l ) in one dimension. With ce r t a in modif icat ions, the formu-
la of James (1948, p . 464) for t h e r ad i a l d i s t r i bu t i on in a l iquid 
can be developed in to an e x p r e s s i o n for a l i nea r d i s t r i b u t i o n , as i s 
found in clays. This express ion f o r "specular" r e f l ec t ion from an 
oriented aggregate der ives a s : 
CJ (R) cos/< RdR. (1) 
The integral may then be t r a n s f o r m e d and, i f |Fo | i s assumed t o be 
approximately constant over t h e whole peak H , the most useful form 
of the transform equation i s : 
w(R) = l-g <jf | F p | '*£ c o s / ^ R (2) 
where to = probabi l i ty , R = i n t e r l a y e r spacing, a = mean th ickness of 
a layer , I = mean i n t e n s i t y of s c a t t e r i n g by a s ingle l aye r divided 
by the Lorentz-polar izat ion and geomet r ica l f ac to r s , Fjj = layer 
s t ructure fac tor , and /*n * r e c i p r o c a l spacing coordinate . 
From equation (2) , i t fo l lows that we can ca lcu la te the 
Fourier transform of any se t of d i f f r a c t i o n data from or iented l a -
mellar aggregates by measuring o n l y the apparent d-spacings (d ' ) 
and the i n t e n s i t i e s (I) of the d i f f r a c t i o n maxima. The Lorentz-
polarizat ion values are c o n s t a n t s (dependent only on the angle of 
diffraction) and can be found i n t h e In ternat ional Tables for the 
Determination of Crystal S t r u c t u r e s (1935). Likewise, the layer 
s tructure factor , (Fof2, has a d e f i n i t e value which depends only on 
the type of layer and the angle of d i f f rac t ion . MacEwan (1956, p . 
i 
107) has calculated t h i s f a c t o r f o r the montmorillonite type of 
. „J1 ̂ ^i^J^l^W^.Vf^^r1 Tz&ni i-̂ -Z"~£3tr<Z*.*u: ism ~^ " * T V T ^»t^?w*e&afl»t'jf,Ti,war-*«i « *W«aj«33«»H2«W«»B »}».*»*«£#'!' 
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layer (Fig. 15) averaged continuously over 4 units oi jm (reciprocal 
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Modtffid from Moo Ewan (1906) 
50 
Fig. 15. Layer Structure Factor for Montmorillonite 
(Averaged continuously over 4 units of M = i§°-) 
' d' 
MacEwan's procedure of merely measuring major peak inten-
sities and d-spacings does not take into account the skewness of 
the peaks. Because one of the purposes of this investigation was 
to determine the nature of the skewness of the illite first-order 
basal peak, a procedure of tabulating intensities and their corres-
ponding d-spacings at varying increments over the whole diffraction 
diagram was undertaken. An example is shown in Table 13. Only 
diffracted intensity rising perceptibly above the background was 
recorded. This scheme resulted in 50-80 intensity terms (and as-
































te rms t h a t MacEwan's procedure would have recorded from the same 
d i f f r a c t i o n d iagram. 
TABLE 1 3 . PARTIAL X-RAY DATA FOR TRANSFORM CALCULATIONS 
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To attempt to calculate transforms using such a large num-
ber of initial terms by sliderule and desk calculator computations 
would involve devoting unthinkable amounts of time to routine, ar-
ithmetic operations. For this reason, the author requested Dr. R. 
E. Joynson, of the exploration Research Department, Continental Oil 
Company, to program the tabulated data for each diffraction diagram 
on the Bendix G-15 digital computer, so as to make the entire cal-
culation of the Fourier transform series solely a matter of typ-
ing in intensities and their associated angular coordinates (°26) 
and layer structure factors (I Ffl/ ). This was subsequently done by 
Dr. Joynson, and the entire Fourier transform, including time spent 
typing in the maximum initial number of terms (80), could now be 
computed in one and one-half hours. The range of the transform is 
R = 0-50 A with data points plotted for each 1/2 A increment of R. 
17 " T07 
This increment gives an array of well-defined peaks on the trans-
form curve. Plates XVII to XXI, Appendix B, contain the plotted 
curves of the transforms for the five clays. 
The zero base-line can be drawn in on the transforms by 
o 
inspection with sufficient accuracy. The initial peak at R = 0 A 
is very high and is a consequence of the fact that all the layers 
are at zero distance from themselves. Associated with this large 
o 
peak is a small peak at about 4 A which is due to the diffraction 
of the large peak' at R = 0 A and is not a genuine feature. The 
base line is drawn in so as to cut off approximately equal areas 
from this peak above and below the line. 
The problem to be solved by the transform is finding the 
specific kinds, amounts, and distributions of interlayer spacings 
existing in a mixture of spacings. The latter type of information 
(on distribution) is perhaps the unique contribution of this method 
to the X-ray analysis of materials. Quoting from MacEwan (1956, p. 
97): 
"It is convenient for this purpose to con-
sider one layer and its associated interlamellar 
molecules (on one arbitrarily chosen side) as 
constituting a complex layer, and the whole mix-
ture as being made up of a number of such layers, 
n different varieties being present. We define 
the probability of occurrence of a layer of type 
r as pr, and the probability that type s suc-
ceeds type r (again moving in an arbitrary but 
defined direction) as prs° Clearly then 
< r P r = 1 (3a) 
£ sp r s = 1, for all r. (3b) 
£ rPrPrs = Ps f o r al1 So (3c) 
"A knowledge of the values of the pr and 
p r s then completely defines the system." 
There are further ramifications of this technique to con-
sider before the transform can be interpreted, but these are ade-
quately discussed by MacEwan and need not concern us here. Instead, 
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let it be mentioned that the procedure suggested by MacEwan as be-
ing the most satisfactory was followed. This procedure consists of 
seeking constants to satisfy equation (3b) while also being in gen-
eral accord with the peak heights. The conditions set forth in 
equation (3c) can then be used to check on the reasonableness of 
the set of coefficients. If these coefficients cannot be adjusted 
to satisfy (3c), then the interpretation must be wrong. 
Interpretation of the Fourier transform is not difficult 
for two-component mixtures, such as the examples used by MacEwan to 
illustrate the method. Because the Fourier transform represents 
&j(R), the area of each peak may be taken to represent the relative 
probability of the occurrence of that spacing. Heights may be used \ 
instead of areas, since the peak widths are nearly constant. These 
peak heights (or areas) are proportional to the probability of find-
ing the corresponding interlayer spacing in the mixture; i.e., the 
number of times it occurs. If h represents peak height, p equals 
probability, and r and s are the two layers (spacings) present, we 
have for the "primary" or "fundamental" peaks (those representing j 
spacings between contiguous layers) hr = pr (omitting a proportion-
ality factor) , and for the "secondary" or "combination" peaks (which 
represent spacings between layers separated by other layers), 
hrr = PrPrr (4) 
hrs = PrPrs + PsPsr (5) 
hr
n = pr(prr)
n""-L (in a random mixture). (6) 
Transforms of three- and four-component mixtures, such as 
the clays under investigation, are very difficult to interpret by 
the method of manipulating values of the p r s in order to calculate 
a series of peak heights matching the observed values. This is es-
pecially true if the transform does not permit any simplifying I 
ro~9 1 
assumptions, such as the occurrence of some components as separate 
phases (prr = 1)> or an obvious structure development (pBA = 1> 
PBA = ° ) " 
The transform peaks for each of the five clays were la-
beled according to the possibility of their being various combina-
tions of the "fundamental" spacings. Here again difficulty was ex-
perienced due to the number and kind of components in the mixtures. 
For example, the transform of the Purington clay (Plate XIX) shows 
a peak at about R = 7.8 A. This was interpreted as being the pri- j 
mary peak of kaolinite (K) and consequently the peak at R = 17.5 A 
(AK) was assumed to be a combination peak representing an lnterlay-
ering of illite (mica) layers (A, R = 10 A) with kaolinite layers i 
(K, R •= 7.8 X), However, MacEwan states (1956, p. 102) that often 
there is a second false peak due to diffraction from the large R -
0 A peak at about twice the distance from the first false peak 
(which occurs at about R = 4 A, as stated above). If this were true 
in the Purington transform, both the K and AK peaks would be spuri-
ous and the labeling of other combination peaks with A and K would 
be abolished. Again, if the primary peak at R = 14.2 A (C) is taken 
to represent chlorite, higher-spacing peaks can be identified as 
combinations of this chlorite and the illite (AC, ACC, etc.). If i 
j 
the peak at R = 7° 8 A is not false, however, and is taken to repre-
sent the primary kaolinite peak, the peak C at R = 14.2 A might 
well be due entirely to pKK instead of pc. This interpretation 
seems to be more in accord with the composition derived from X-ray 
analysis (see Table 2, p. 27); therefore, the C and AC, ACC...... 
labels are bracketed to indicate their tentativeness - this type of 
notation has similar implications on the other transforms. Spurious 
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diffraction peaks, such as those occurring near R = 2, 4» 6 A, are 
labeled with an S. 
The investigation of the method of Fourier transforms 
followed a chronological development in this study, and the trans-
forms resulting from all the stages of development are included in 
Appendix B. As was mentioned earlier, 50-80 data points were re-
corded from the X-ray diffraction diagram of each sample to produce 
the transforms. It was subsequently decided to restrict the data 
points to those peaks on the diffraction diagram whose intensities 
were quite substantially above the statistical variation of the 
curve. Also, fewer points were recorded over the range of specific 
peaks, especially in the case of the high-angle peaks. These modi-
fications considerably reduced the number of data points obtained 
from each diagram and resulted in transform curves of less complex-
ity and definite amplitudes (Plates XVII and XVIII), 
The transforms which evolved from this more judicious se-
lection of data points still proved to be too complicated for the 
interpretation scheme proposed by MacEwan. In order to reduce the 
number of components, the intensity data fed into the computer to 
initiate the Fourier transform calculation was "re-evaluated" to 
exclude the terms due to kaolinite and chlorite diffraction. This 
modification effectively reduced the number of components to two in 
some cases (Plates XIX and XX). Further attempts in this vein in-
cluded the transform calculation of heated and glycolated samples, 
both types re-evaluated to eliminate peaks due to kaolinite and 
chlorite (Plate XXI). Mixing functions (stacking scheme probabili-
ties) were calculated from the "re-evaluated" curves only. The 
Purington sample was arbitrarily chosen as an example to illustrate 
the procedure, but the other four samples were analyzed in a similar 
Ill 
fashion. The following paragraphs elucidate the developmental 
stages reviewed above. 
Because no simple method has as yet been derived for in-
terpreting mixtures of more than two components by the Fourier trans-
form method, it was thought advisable to modify the intensity data 
used to construct the original set of transforms. In order to re-
duce the number of components and thereby decrease the complexity 
of the transform, the original X-ray diffraction intensity data was 
re- evaluated to exclude intensity terms due either to pure kaolinite 
or pure chlorite, or both (6.2, 12.4> 18.6, 24.8, ...etc. °26). 
By recording zero intensity values for these diffraction 
angles, the peaks previously representing kaolinite and/or chlorite 
layers on the original transform were reduced to plateaus near the 
zero intensity baseline on the re-evaluated transforms. A. disad-
vantage of this method is that the unwanted peaks (in the form of 
plateaus) still appear on the transform when the baseline is low-
ered; they can be neglected, however, in computing relative peak in-
tensities on the transform. MacEwan (1956) accomplishes removal of 
unwanted strong peaks and their associated "diffraction" effects by 
calculating from the transform the "intensity" corresponding to 
those peaks alone by the equation: 
2 
ip = a ( mAm cos^ Rm, (7) 
This in tens i ty function wil l have a s e r i e s of peak values , the a s -
sociated t o t a l ( integrated) i n t e n s i t i e s (ipn, ip2$ •»») being i n t ro -
duced with a negative sign into the ca lcula t ion of the Fourier 
transform. The present author ' s method of reducing unwanted layer 
d i f f rac t ion i n t e n s i t i e s to zero can only be used, of course, when 
the transform peaks of a pure clay mineral of known d-spacings are 
to be removed. If the unwanted peaks represent a mixed-layer com-
ponent of uncertain spacing (in the higher orders) , MacEwan's more 
mathematically-sophisticated method should be followed. 
Removing the kao l in i t e and chlor i te pure clay mineral com-
ponents s t i l l l e f t a three-component system in those clays which 
contain a mixed-layered ch lo r i t i c component. This component may 
also be an a i r -dry montmorillonite in certain of the clays, as in | 
the Purington sample„ Here the amount i s so small, however, tha t j 
i t can be ignored and the sample can be considered as two-component. 
Thus, from inspection of the re-evaluated transform curves, i t can 
be seen tha t cer ta in of the samples have become ef fec t ive ly two-
component systems subject to analysis by MacEwan's equations. ] 
RESULTSo The transform of the Purington (re-evaluated) sample was J 
analyzed in the following manner - the analyses of the other samples 
followed a similar procedure, but because of the difference in data, 
different i n i t i a l stacking assumptions were required. F i r s t of a l l , 
the peaks on the transform were assigned e i ther "primary" or "com-
binat ion" designations according to the i r spacings (R). Then com-
putat ions were made of the r e l a t i v e peak heights (observed) on the | 
transform. The object from here on was to try to apply an a n t i c i -
pated stacking scheme t o the calculat ion of a se r i e s of peak height 
values in accord with the observed r e l a t i ve heights . 
In order to arr ive at a reasonable correspondence of va l -
ues, an i n i t i a l assumption must be made concerning the regular i ty 
i 
or irregularity of the lamellar stacking. Inspection of the trans-
form usually leads one to an appropriate assumption, by reason of 
the absence or anomalous height of certain of the "combination" 
I 
peaks. These absences or anomalies usually indicate some regularity 
in the stacking, and once one probability value is known, the others I 
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are easily calculated. For instance, from inspection of the Pur-
ington untreated (re-evaluated) transform curve (Plate XIX) it is 
evident that no BB, BBB, ....etc., peaks exist; therefore, p B B = 0 
and the rest of the defining probabilities follow from this through 
the use of equations (3a), (3b), and (3c). In this case, it is 
easily seen that a purely "random" stacking interpretation is not 
justified and will not give results that compare well with the 
observed peak heights. 
The Purington sample, neglecting the pure kaolinite and 
chlorite components, gives the appearance of having the same stack-
ing scheme and component proportions as the "Kinnekulle II" clay, 
whose transform is reported by MacEwan (1956). The structure com-
mon to both the Purington (re-evaluated) and Kinnekulle II clays 
is one in which montmorillonite (or degraded illite) layers are 
interspersed among mica layers apparently at random, subject only 
to the reservation that two montmorillonite (degraded illite) 
layers are never contiguous (p = 0 ) . Table 14 below concerns 
BB 
the Purington sample and shows the observed peak heights, as well 
as the heights calculated by equations (4), (5), and (6) and their 
expansions in accordance with the afore-said scheme. 
Defining probabilities (la), (2a), and (3a) were utilized 
in solving equations (4), (5), and (6), and their expansions shown 
below Table 14. These solutions gave the relative peak heights for 
this structure, columns (1), (2), and (3). 
The calculated relative peak heights of column (1), Table 
14, do not match the values of the observed relative peak heights; 
therefore, the values of pA and pfi were modified slightly in col-
umns (2) and (3). Of the three columns, (3) most closely approx-
imates the observed relative heights, indicating that the ratio of 
1 1 4 
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hAAAA = PA<PAA) 3 
hAAAB = PA(PAAA PAB + PAA PAB PBA + PAB PBA PAA) + 
PB(PBA PAAA) 
hAAAAA " PA(PAA)4 
where (PAA) = PAAA" 
illite (A) to degraded illite (B) spacings present in the mixed-
layering is about 3sl. The distribution of the mixed layers (mix-
ing function) is not entirely random however, as can be seen in the 
anomalous calculated heights of the combination peaks hAB> hAAB» 
etc. The indication here is that the mixed-layering is less than 
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random, with an AAB s t r u c t u r a l tendency apparent . 
The transforms of t h e o the r un t r ea t ed c l ays could be ana-
lyzed i n a s i m i l a r f a sh ion , i f e s s e n t i a l l y only two components are 
p r e sen t . Only t h e Minford c lay showed two components a f t e r r e -
eva lua t ing however; the o t h e r s s t i l l had t h r e e major components i n -
volved in mixed l a y e r i n g , as shown by t h e i r "primary" and "combina-
t i o n " peaks ( P l a t e s XIX and XX). Table 15? below, shows the r e l a -
t i v e amounts of c lay components in the f ive r e - eva lua t ed c lays (ex-
cluding pure , un-mixed k a o l i n i t e and c h l o r i t e ) der ived from the 
"primary" peaks on these t r ans fo rms . 
TABLE 15. RELATIVE % UNTREATED CLAY COMPONENTS -
RE-EVALUATED TRANSFORMS 
% M-L Chlor i te(C) 
Sample % I l l i t e % Degraded 111. or Mont.(14$) % M-L Kao. 
( lL_ (B. (K) 
Minford 70 30 
Purington 65 30 5 
Grundite 55 20 25 
Jackson 69 8 23 
Fithian 68 15 17 
The Minford-untreated transform (re-evaluated) can be in-
terpreted in a manner similar to that of the Purington clay, except 
that a different mixing scheme must be assumed. Since pBB does not 
equal zero, as evidenced by the BB peak at R = 25 A identified on 
the transform (Plate XIX), we may assume that the interlayering 
might be completely random in this sample. For complete random-
ness, PAB = PBB = PB? PBA = PA> this scheme was used in the calcu-
lation of the probability coefficients used in finding the relative 
peak heights in column (1), Table 16, below. The agreement between 
observed and calculated peak heights is poor; thus this "random" 
interpretation must be wrong. 
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TABLE 16. MINFORD-UNTREATED (RE-EVALUATED) 
FOURIER TRANSFORM PEAK HEIGHTS 
Calc.Rel.Hts, 
Peak Intensity Obs.Rel.Hts. (Random Structure) 
A 90 .67 .67 
B 33 ,33 .33 
AA 82 .62 .45 
AB 38 ,29 .44 
BB 33 .25 .11 
AAA 108 .81 .30 
AAB 38 .29 .36 
BBB 44 ,33 o04 
AAAA 44 .33 .20 
pA = .67 - PAA = °67 = pBA = .67 
PB " °33 * PBB = °33 = PAB " °33 
PAAA = «̂ 5 
Since the d i s t r ibu t ion of A- and B-spacmgs i s not en-
t i r e l y random, as evidenced by the fa i lu re of the r e l a t i v e height 
values calculated from the random scheme to match the observed va l -
ues, an examination of the transform curve should provide some hint 
as to the actual s t ruc tu re of the in ter layer ing . I t wi l l be noted 
tha t the AAA peak (R = 30 A) i s very strong, ac tua l ly of higher in -
t e n s i t y than any other peak on the curve. In l i eu of any other 
evident s t ruc tu ra l anomaly, the assumption can be made that the 
Minford sample i s composed of regions in which A- and B-spacings 
are randomly mter layered , and regions where the A-spacing is pre-
dominant (AAAAA . . . . e t c . ) to the exclusion of mter layered B-spacings0 
A drawback of the Fourier transform method i s that certain 
s i tua t ions involving more than one scheme of mixing cannot be quan-
t i t a t i v e l y analyzed. These, however, can be recognized from the 
Fourier transform curve in a general way. If the r e l a t i v e peak 
heights calculated by p robab i l i t i e s derived from one of the four or 
five possible s t ruc tu ra l schemes (completely random; BB = 0; AA = 0; 
regular i n t e r s t r a t i f i c a t i o n ; complete segregation) do not match the 
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observed relative peak heights, even after adjusting the p r value, 
it becomes necessary to assume that more than one mixing scheme is 
operative in the sample„ The frequency of this occurrence in na-
ture seems to be rather large; the Minford and Purington samples 
discussed above are examples. 
Treatment of the oriented clay slides with glycol or gly-
cerol should produce an increase in the c-axis dimension of the ex-
pandable-lattice clay minerals. The slides of all five clays were 
treated with glycol and subjected to Fourier transform analysis in 
the same manner as was previously described. The transform curves 
of these glycolated clays are on Plate XXI, Appendix B. 
The Minford glycolated transform shows a rather large 
. o 
:>eak at R = 7°8 A. This peak is obviously spurious because no sec-
ond order primary (KK) or combination peaks can be observed on the 
transform, and the data had been previously corrected (re-evaluated) 
for kaolinite. The occurrence of such spurious peaks has been noted 
on previous transforms, but they can usually be recognized as such 
md thereby eliminated from further consideration. 
The Minford glycolated transform indicates a relative 
•.lay mineral composition 3/8 of which is "A" (illite), a similar 
amount of "B" (degraded illite) and the rest (l/4) "D" (expandable 
lattice, probably montmorillonite). These relative component parts 
do not include the amounts of chlorite and kaolinite already known 
to be present which were measured from previous transforms and dif-
fraction patterns. The degraded illite member is mterlayered only 
with the ordinary illite, as is the montmorillonite-type lattice 
(D). Comparing the transform of the glycolated with that of the 
non-glycolated sample, only two things appear different. The rela-
tive heip-ht of the "A" peak to the "B" and "D" peaks is greater in 
the untreated sample, and no "BB" (uncombined degraded illite) is 
found in the glycolated sample. These two features seem to indi-
cate that the "B" component in the Minford clay is expandable when 
it is not mterlayered with another component, and that some of the 
10 A illite is expandable with glycol, out to 17.6 A in this case 
(D peak). 
The Purington glycolated sample gave an initial transform 
(dotted curve, Plate XXI, Appendix B) that superficially resembled 
the untreated sample transform except in peak intensities. However, 
no AB combination and the like are observable on the glycolated 
transform. This transform did not look quite right and did not en-
tirely agree with the X-ray diffraction pattern, so a second trans-
form was run with modified data. The data were changed by elimi-
nating the lowest angle term and several terms beyond 15° 29. The 
transform resulting from this modified data (solid trace) agrees 
more closely with the diffraction pattern. Illite ("A") is the 
dominant component, degraded illite ("B") has been reduced in in-
tensity due to expansion to higher angles, and the peak "C" reveals 
some chlorite-like mineral involved in mixed-layering as well as 
existing in an unmixed state. The region from R = 14 A to R = 18 A 
is on the original computed transform zero baseline, but forms a 
plateau above the calculated zero baseline. 
The "D" peak on the initial glycol transform (dotted line) 
has been replaced by this plateau and by the "C" peak on the solid 
curve. The true transform should probably resemble an average of 
the two curves in the 10=18 A region, because this region of the 
diffraction pattern shows a broad, rather featureless band of low 
intensity extending from the illite peak at 10 A and diminishing to 
zero intensity at about 18 A. Peak position and intensity data 
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probably were not taken at small enough intervals to clearly define 
the responsible components. The distinctness of the "D" peak on 
the initial glycol transform and the presence of an accompanying 
o 
"DD" peak argue for its authenticity,, The spacing (16.5 A) seems 
to be too low for glycol-saturated montmorillonite, however, and 
is commonly present ev n on untreated sample transforms. At any 
rate, if either or both of the glycol transforms are to be believed, 
illite (A) is still the main phase and the degraded illite (B) has 
almost all been expanded out to 16„5 A„ There exist large A and 
A 5 peaks, so the mixing is less than random,, 
The Grundite glycolated transform is a complete enigma. 
The X-ray diffraction pattern reveals a large amount of expansion 
between the untreated and glycolated samples, probably the great-
est amount of all the clays, and yet the transform of the glycol-
treated sample reveals not a single component that could be related 
to this expansion. Illite (A) appears to be the only primary com-
ponent; the presence of B combination peaks indicates that this 
component must be present also, though its primary peak is not 
visible. The primary peaks (A's) are quite broad, which is unusual, 
and the A^ and A^ peaks are anomalously large, indicating a lack of 
randomness. It is hard to see what could have happened to the 
chlorite component, which the heated diffraction pattern showed to 
be present, and to the montmorillonite that should have been expand-
ed by the glycol. These components have evidently been suppressed 
by factors unknown and are represented only by a plateau extending 
from 12 to 17 A at the initial baseline„ The anomalous breadth of 
the "A" peak (indicating poorly-crystalline material) may represent 
part of the reason for skewness of the X-ray peak, but certainly 
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not all of it. It was assumed that an error had occurred in the 
transcribing or calculating of the X-ray data in the transform, 
but a rerun made sometime later with slightly modified data gave 
essentially the same results. 
The Jackson glycolated sample initially gave a transform 
not too unlike the initial Purington one, Illite (A) is the main 
phase with a peak at 16.4 8 being the only other component revealed 
by the primary peaks. This "D" peak probably represents expanded 
"B" (degraded illite) material; it also occurs unmixed (DD), There 
is a hint of 17.6 & peak present - this would be due to expanded 
montmorillonite. Again, the interlayering is not randomly control-
led but illite occurs in uninterrupted series without intervening 
layers over rather large regions. 
The Fithian glycolated sample gave an acceptable trans-
form on the first computation and was not rerun. Illite (A) and 
degraded illite (B) were the only two phases present, although the 
untreated transform had revealed a "C" peak. It is thought that 
the "C" peak should be present in the glycolated sample too; it is 
probably missing due to the inadvertent omission of an intensity 
term from the X-ray data (at 25.4 2 0). The resulting plateau on 
the transform at R = 14 A has been noticed on previous transforms 
at places where peaks ought to be, according to the X-ray data. 
This amputation of peaks at the computer's zero baseline is the 
same result as that obtained when the original transforms were re-
evaluated to exclude pure kaolinite, and where possible, chlorite 
terms. Therefore, an extrapolation of this phenomena would seem to 
require that these plateaus represent primary or combination peaks 
which should be present in the transform, but which have not peaked 
because of insufficient X-ray data entered into the transform,, 
On 
peaks are too 
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t h e F i t h i a n g l y c o l t r ans fo rm, t h e AA and BB combination 
h igh and t h e AB combination peak too low fo r a s t r i c t l y 
random interpretation. This sample is probably as close to com-
pletely rando 
of local AAA, 
regularities 
m as any of those analyzed, but t h e r e a re a l s o a r ea s 
„„„ and BBB. . . . accumula t ions . No o t h e r s t r u c t u r a l i r -
e x i s t t o warrant c a l c u l a t i n g a d i f f e r e n t type of i n t e r -
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TABLE 17„ FITHIAN (GLYCOLATED) TRANSFORM 
I n t e n s i t y Obs-.Rel.Hts. C a l c . R e l . Hts . (Random) 
52 .60 .60 
34 .40 .40 
34 .40 .36 
24 .29 .48 
20 .23 .16 
46 ,53 .22 
30 .35 .43 
14 .16 .05 
38 .44 .13 
22 .25 .33 
10 .12 .05 i 
38 .44 .05 | 
primary peak l a b e l e d B on a l l t h e t ransforms and oc-
o . ! 
p a r t i a l l y r e s p o n s i b l e for the skewness of the i l l i t e f i r s t - o r d e r peak. 
I f i t i s p o s t u l a t e d t h a t t h i s component r e p r e s e n t s degraded i l l i t e 
u n i t s capable of h y d r a t i o n , then one l aye r of water (2 .8 A) adsorbed 
on the mica u n i t c e l l (9 .4 A) would r e s u l t i n a hydra ted i l l i t e 
component of the r e q u i s i t e p e r i o d i c i t y (9»4 + 2.8 - 12.2 A). It 
can be argued that a monovalent-cation-saturated (Na ) montmorillon-
ite mineral will expand to about the same spacing at ordinary con-
ditions of hydration, and therefore is just as likely to be responsi-
ble for this peak at R = 12.2 A. However, other evidence seems to 
favor the degraded-illite interpretation. For instance, a unique 
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component on the Grundite transform has a "primary" peak (D) at 
R •=• 15.5 A, in addit ion to the "primary" peak B a t 12.2 A. The 
former spacing i s equivalent to tha t of hydrated d iva len t -ca t ion-
sa tura ted (Ca ) montmorillonite, which cons i s t s of a mica-type 
layer (9.6 A) with two monomolecular layers of water (2.3 + 2.8 A) 
adsorbed on i t s basal surface. If the skewness were due to mont-
m o r i l l o n i t i c layers j, i t would be expected that the other clays show 
s imi lar peaks on t h e i r transforms, as a l l of them contain a la rger 
percentage of exchangeable Ca++ than does the Grundite (Table 5> 
p. 40). In addi t ion , evidence has already been presented in the 
sect ion on high-temperature phases ind ica t ing tha t no s ign i f ican t 
amounts of montmorillonite are present in the samples, 
MacEwan (1949) recognized the s ignif icance of the i l l i t e 
(001) low-angle skewness on d i f f rac t ion diagrams of i l l i t i c s o i l s . 
Associated with the skewness on his X-ray fi lms was a region of 
o 
"cen t ra l " s c a t t e r i n g near the main beam spot (at about 20-30 A). 
This l a t t e r effect can be seen on some of the di f f ract ion pa t t e rns 
of the f ive clays analyzed herein (Pla tes XVII - XX). MacEwan ex-
plained t h i s s ca t t e r ing as a degree of r e g u l a r i t y m the in te r spers -
ing of water l ayers between anhydrous i l l i t e layers (for example, 
one monomolecular water layer to every two i l l i t e layers would r e -
su l t in an e f fec t ive unit c e l l of c = 22.4 A), He envisioned three 
main p o s s i b i l i t i e s in the arrangement of the water molecules: 
(1) They are regular ly in te rpola ted between the 
mica sheets . 
(2) They are in terpola ted at random, 
(3) They occur grouped in ce r ta in par t s of the c r y s t a l -
l i t e . 
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Each arrangement will give rise to a characteristic type 
of scattering; a merger of case (3) with case (1) and/or (2) would 
be likely to produce the kind of diffraction diagrams given by the 
clays under investigation. MacEwan's water layers interspersed with 
illite are equivalent to this paper's monolayers of water adsorbed 
on degraded illite units ("B" transform peaks). It is interesting 
to note that this phenomena of skewness of the illite basal peak is 
most evident on the samples most closely allied in environment of 
origin with the soils analyzed by MacEwan; that is, the underclays 
and weathered shales (Fithian, Jackson, and Grundite). These clays 
very probably have undergone a soil-like genesis at some stage m 
their history,, especially the underclays (Bohor, 1955), 
X-ray diffraction diagrams of the samples heated to 465° C„ 
were recorded only out to 30 29; the Fourier transform peaks re-
sulting from the intensities and spacings on these diagrams are 
rather broad because of the paucity of terms used in calculating 
the transform. Also, the accuracy of the transform decreases with 
increasing R, so that none of them are very reliable above R = 40 A. 
The proportions and spacings of kaolinite and chlorite de-
duced from the transforms are not completely accurate, because the 
layer structure factors (I Fo ) for these two minerals differ con-
siderably from the values for I Fj I (3-layer types) used in calcu-
lating the transforms. 
The general conclusion drawn from inspection of the Fourier 
transforms of the clays is that a degraded-illite component (R *= 
12.2 A) is present in all the samples and is probably responsible 
for some of the observed skewness to the illite (001) diffraction 
maximum. This component is mterlayered most often with regular 
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illite units in several ways, but nearly always somewhat randomly. 
It can also occur interlayered with other components. 
The data provided by the method of Fourier transform can-
not be fully utilized as yet. Its application to simple 2-component 
mixtures is complete, but more complex interlayerings of numerous 
components cannot be interpreted fully as to the relative propor-
tions of the mixing components and the mixing scheme. Mathematical 
analysis applied to the solution of the probability equations seems 
to offer a promise for future enhancement of the method's applica-
bility and its general acceptance for resolving the characteristics 
of complexly-intermixed lamellar systems. 
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SUMMARY AND CONCLUSIONS 
Much of the work done in this study was directed toward 
analyzing the clays by various methods to determine the character-
istics of their illitic component. The five clays came from three 
different environments and it was hoped that some correlation be-
tween the illite characteristics and the original environment of 
deposition could be made. 
The less-than-.5 micron fraction was selected for analy-
sis because it contained less impurities than the larger fractions 
and showed a greater amount of skewness to the illite basal 001 
peaks. Kaolinite and chlorite could not be completely eliminated 
from these clays however, and these impurities caused many delet-
erious effects, especially in interpretation of the Fourier trans-
forms. The less-than-.5 micron fraction, and the less-than-2 mic-
ron and 2-.5 micron fractions as well, were oriented on glass 
slides; these were glycolated, heated to 4650 C. (on alternate 
slides), and subjected to X-ray diffraction analysis. The amount 
of mixed-layering with illite was estimated from this datum and 
the percent clay mineral compositions of the less-than-,5 micron 
fractions were determined for all five clay samples. The results 
of this analysis showed that the amount of mixed layers (with il-
lite) in the samples decreased in the following order: Grundite 
3l/o, Fithian 31%, Jackson 29$, Purington 27$, Minford 17$. As for 
the pure clay mineral components, Minford, Grundite and Purington 
contained the most kaolinite (20$, 11$ and 9% respectively); Min-
ford (5$) and Jackson {3%) contained the only chlorite seen on the 
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pat terns^ and Purington contained s l i gh t l y more pure montmorillonite 
than the other samples. The r e l a t i v e per cent of i l l i t e was about 
the same for a l l the samples. 
Powder X-ray di f f rac t ion techniques applied to the l e s s -
t h a n - ^ micron fract ion of these clays revealed the mica clay-
mmeral ( i l l i t e ) polymorphs present in the samples, but only in a 
qua l i ta t ive sense. All the clays contain the s ingle- layer mono-
c l in ic disordered polymorph (1 Md) but the amount present in each 
clay is not known. In addition to the 1 Md polymorph, the clays 
also contain a mixture of IM and 2M polymorphs, with the 2M pre-
dominating in every clay except Fi th ian , where IM i s predominant 
over 2M. From the posi t ion of the 060 peak, the i l l i t e in a l l of 
the samples i s dioctahedral . 
The method of determining exchangeable cat ions and the 
cation-exchange capaci t ies of the clays did not give completely ac-
curate r e s u l t s , out the r e l a t i v e values are probably of the correct 
order of magnitude. 
L i t t l e significance was attached to the exchangeable ca t -
ion content of the clays, but the cation-exchange values of the 
l e s s - than - .5 micron fraction seem to indicate that there i s no d i -
rec t re la t ionship between them and the amount of mixed-layering. 
The two clays presumably formed in non-marine environments, Minford 
and Fi th ian , had the lowest cation-exchange capacity values . 
Small amounts of l e s s - t han - . 5 micron material from each 
clay were saturated with various metal l ic cations and oriented 
s l i de s made of these exchanged suspensions. X-ray di f f rac t ion pat-
t e rns of these s l ides reveal maxima between 10.3 A and 10,9 A, in 
clays having a large amount of mixed-layering int imately associated 
with the i l l i t e peak (Grundite, Jackson, F i th i an ) , for a l l the 
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exchange cations used. Minford and Purington samples show lesser 
maxima in this range or none at all. All the cations give about the 
same amount of initial expansion in a specific clay, revealing that 
the clay type is more important in controlling the degree of lattice 
expansion than is the exchanging cation, at least in these illites. 
When the slides were heated to over 200° C. and X-rayed, 
not all of the samples revealed a collapsed lattice (maxima at 10 A 
only)„ Those samples bearing the exchanged divalent cations and K+ 
and NH/,.+ seemed to exhibit a slightly expanded lattice, whereas the 
Na+ and Li+ -exchanged clays were completely collapsed to 10 A. This 
"propping" action may be caused by the greater size of the divalent 
cations and K+ and NH/,, , but it may also be envisioned as an immedi-
ate rehydration of these cations following heating. By this line 
of thinking then, Na+ and Li are non-hydratmg cations, an idea 
that has been open to controversy. The rehydration hypothesis, how-
ever, does not seem to agree with the results of controlled-humidity 
reruns of heated samples. 
Portions of the cation-exchanged material, along with the 
untreated sample material, were sedimented on platinum slides and 
heated to about 1400° C. while the intensities of X-ray diffraction 
from the phases present (or forming) were being recorded. The ef-
fect of heat on the illite lattice initially is the expulsion of un-
combined water at about 100° C. The structural water (0H~ groups) 
is driven off at around 600° C. accompanied by a 2% increase in the 
height of the illite unit cell normal to the basal plane. 
The mica-anhydride existing in the range 650° C.-9500 C. 
has a definite crystalline structure capable of diffracting X-rays; 
in this respect, at least, it is different from meta-kaolinite, 
whose sub-crystalline structure is not regular enough to induce 
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diffraction. The failure of illite to form the large quartz phase 
of montmorillonite and the great amount of mullite usually associ-
ated with well-crystallized kaolinite is partially due to a differ-
ence in structural attributes (stacking, disorder, number of con-
stituent layers, etc.), but it probably stems mainly from the high 
potassium content of true illites. Potassium and closely related 
cations act as extreme repressors of high temperature phases in the 
layered clay minerals - this has already been observed by previous 
workers. Mixed layers, therefore, have a minor role in influencing 
the high-temperature phases of illitic clays, unless present in such 
a degree as to result in a considerable reduction in the amount of 
potassium-rich illite in the clay. The cation-exchange capacity of 
the clay is influential in controlling the phases formed, because 
it determines the amount of adsorbed repressive cations present to 
enhance the potassium's action. 
Mullite is the major high-temperature phase produced by 
the firing of these illites. A rather small amount of spinel is 
also characteristically formed during firing; it is one of the first 
phases to appear following the collapse of the mica-anhydrite struct-
ure at 1000° C. Gamma-alumina was not detected in the X-ray pat-
tern but probably is formed in small quantities along with the spi-
nel. Soaking the sample at a temperature in the range of the 
mullite phase crystallization does not increase the amount of mul-
lite formed. 
Several minor phases of low intensity may form in the 
fired illites depending on its internal composition and the popu-
lation of the exchange cation sites. Quartz usually is present, 
but beta-cristobalite has never been observed. The absence of 
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cristobalite can therefore be used as a distinguishing criterion be-
tween illite and montmorillonite, as the latter's high-temperature 
phases nearly always contain beta-cristobalite (when the natural 
montmorillonite clay does not carry or has not been treated with re-
pressive cations). 
The various cations put on the clays acted either to re-
press or enhance the formation of mullite and other high-temperature 
phases in the illites. The following series of cations used is ar-
ranged in the approximate order of their repressiveness: K+> Na > 
Li + > Ca++> NHZ)_
+> Mg+ + > Be++> Sn+ + . The last two cations in the se-
ries, beryllium and tin, produce the anomalous effect of causing 
mullite to form immediately and completely following the collapse 
of the mica-anhydride at 1000 C. The amount of mullite formed in 
clays saturated with these two cations is quite large compared to 
that formed by the other cations. 
The Fourier transform method as applied to the five sam-
ple clays indicated the presence of a hydrated mica-like (illite) 
component, called "degraded illite" by the author, in all of these 
clays. The amount of this component and the manner of its mter-
layering with the other components varied between the five samples. 
It is postulated that this "degraded illite" component is partially 
responsible for the low-angle skewness of some illites' first order 
basal diffraction peaks. 
The Fourier transform method is entirely dependent on the 
X-ray data useo for its calculation. It can give no better results 
than the X-ray pattern provides; it is merely a much more satisfac-
tory and useful method of presenting these data. Its usefulness as 
a quantitative tool in unraveling the complexities of mixed-layering 
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i s l imited to two-component systems of in te r layer ing , which severely 
r e s t r i c t s i t s applicat ion in the opinion of the author. I t s value 
in a qua l i t a t ive sense is s t i l l very grea t , however, and i t s use 
should become more widespread in mixed-layering inves t iga t ions . 
Tjr 
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K + 








H - CD 
O 3 































3 £ £ 
• x j p CD 
P H D -
O I 
ct p*tr* 
o t-J p 
M CD*< 
X P CD 
-> + 4 
"-3 
O 





> n ID 
4 c t o 
CD H- ct 
P O CD 
+ 3 PL 
gCD 
H - H 
X P 
CD C t 
< 






FITHIAN - < . 5^ 
Mixed Layer Material 
H H 
TO ro 
g H M • • M H g C 
I O O v n v n . p - . p - I C D 3 
f I I M I I M • • M P 3 a-
H H 3 H H 3 v n v n 3 e+ H-
> >-3 to tO Ct P- P- Ct I l e t > H - H 3 
t - i O • *T3 . C D » *T3 • CD I—'"-Oh-'CD •"$ P H j 
CDCt VON CD V n 3 KJX CD V n 3 O3-C0 03- 3 CDC+CD 
p p p o p . p o p C D ^ S 
+ H P̂ CPs- > o # ? o ? r X ) * - > O X > 0 * + P- I 
3700 IO.58 200b — 0 ~ — — 3700 
4600 10 .4 100 1 3 , 6 A 35 — — 46OO 
10,7 90 14 .7 25 
10200 10,5 240 14-15 40 -- ~ 10200 
7000 11,2 155 13.0 50 — — 7000 
14,7 55 0 
7300 10,4 160 13.2 45 15.5A 20 7300 
11,0 140 
4000 10,4 90 13.6 25b — — 4-000 
11.2 55b 
;5600 10.4 155 13.2 40 15.5 10 56OO 
10.9 120 
4400 12,6 40 13,6 40 — — 4400 
14.7 30 
11000 10.4 225 14.15 60 16.3 40 11000 
3000 11.5 55 — -- — ~ 3000 
9000 10. q. 230 13.6 50 16 25 9000 
14.7 25 
4000 — — — — — — 4000 
16300 10.4 230 — — — — 16300 
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11.3 200 
9300 10.3 220s 14.7 65 15.0 25 9500 
11.0 140 17.3 35 
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10.3 170 13.6 r ax 
11.2 170 
15500 10.4 450 13.6 6§ — — 15500 1.3 3611 13511 47 
Na+ 2 P 190 3300 400 
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(24 hrs) 
Mg-* 2 G 250 65OO 1200 
(43 hrs) 





































(Continued on next page) 
R e l a t i v e % of 
Mixed L a y e r s 
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